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Abstract 
The paper reviews recent experiments on tritium β-spectroscopy searching for the absolute value of the electron 
neutrino mass m(νe). By use of dedicated electrostatic filters with high acceptance and resolution, the uncertainty 
on the observable m2(νe) has been pushed down to about 3 eV2. The new upper limit of the mass is m(νe) < 2 eV 
at 95% C.L. In view of erroneous and unphysical mass results obtained by some earlier experiments in β-decay, 
particular attention is paid to systematic effects. The mass limit is discussed in the context of current neutrino 
research in particle- and astrophysics. A preview is given of the next generation of β-spectroscopy experiments 
currently under development and construction; they aim at lowering the m2(νe)-uncertainty by another factor of 
100, reaching a sensitivity limit m(νe) < 0.2 eV. 
 
 
1. Introduction 
The existence of the neutrino was postulated by Wolfgang Pauli [1] in 1930, in order to explain why 
the electron spectrum of β-decay is continuous. This hypothetical neutrino would  be emitted in the 
process of  β-decay, together with the electron, and would be neutral and massless, or at least much 
lighter than the electron. It should have spin ½ and should interact with matter much more weakly than 
any other particle known at the time. These hypotheses led Fermi [2] to his well-known theory of 
weak interaction, which explained the pricipal features of β-decay quantitatively. With a modification 
accounting for maximum parity violation, Fermi`s theory is still valid at low energies.  It took about a 
quarter of a century to prove  the existence of the neutrino directly  when, in 1956,  reactor electron 
antineutrinos  eν  were detected by Cowans and Reines  [3].  Soon thereafter, Goldhaber showed that 
neutrinos  participate in the weak interaction as left-handed particles only [4].  With the discovery of  
all the 12 fundamental fermions of the Standard Model of particle physics, three different neutrino 
flavours νe, νµ, ντ were found [5];  these being the partners of the three charged leptons e-, µ-, τ- in 
weak charged current reactions, which convert a neutrino into its corresponding charged lepton or vice 
versa, respectively. Consequently, neutrinos are incorporated into the Standard Model of particle 
physics as massless, left-handed and neutral spin ½ particles.  
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Although the Standard Model could describe the  properties  of the neutrino very well, it was 
discussed quite early on, whether neutrinos were indeed massless, or whether they carried some small 
mass to explain, to a significant fraction at least,  the missing dark matter in the universe (e.g. [6]); 
The velocity distribution in spiral galaxies and other observations show that there is much more 
gravitating matter in the universe than can be seen in the form of luminous stellar objects.    
Comparison of the abundance of light elements in the universe, and the theory of the synthesis of light 
elements within the first three minutes after the Big Bang, excluded baryonic matter as making up 
most of this dark matter. At this point, neutrinos with masses of a few eV (using the convention 
=c= 1 we present masses in units of eV) were considered to be the ideal candidates for the missing 
non-baryonic dark matter, as the universe should be full of neutrinos: According to the Big Bang 
theory, a relic (still not detected) neutrino density of 336 neutrinos per cm3 should exist throughout the 
universe, similar to cosmic microwave background radiation, as an imprint of the early universe, when 
the neutrinos decoupled from the hot particle plasma. In recent years, observations of the cosmic 
microwave background radiation and of the distribution of matter in the universe at different scales, 
suggest that most of the missing non-baryonic dark matter is so-called 'cold dark matter': massive 
particles, which were already non-relativistic during structure formation [7]. These particles have to 
differ from the neutrinos νe, νµ, ντ, although massive neutrinos might still  have played an important 
role in the evolution of the universe. 
 
Contemporaneously, the question of  neutrino masses developed as an emerging field of inquiry in 
particle physics: Deficits in the νe-flux from the sun,  already established in 1968 [8] as well as deficits  
in the νµ-flux from the atmosphere [9,10] observed in deep underground laboratories, gave early hints 
of the possible existence of neutrino oscillations. In 1998, the observation of atmospheric neutrinos by 
the Super-Kamiokande experiment  showed a clear deficit of up-going muon neutrinos[11]. This and 
many more underground experiments (Super-Kamiokande [12], Kamiokande [13] Gallex [14],  SAGE 
[15], SNO [16], Borexino [17], KamLAND [18], K2K [19], MINOS [20]) with atmospheric, solar, 
accelerator and reactor neutrinos proved, in the last decade, that a neutrino flavour state (e.g. a νµ in 
the case of the previously mentioned atmospheric neutrinos) can oscillate into another neutrino flavour 
state (e.g. into a ντ,) during flight. Thus, a flight path dependent variation of the neutrino reaction rate 
will be observed if the detector is not equally sensitive to the different oscillating  neutrino flavour 
states. Neutrino oscillation could explain all these experimental findings and thus consistently solve  
the long-standing solar and atmospheric neutrino puzzles.  
 
Neutrino oscillation can only occur if the neutrino flavour states  νe, νµ, ντ, are non-trivial mixings of  
three neutrino mass states ν1, ν2, ν3, whose  masses m1, m2, m3,, differ from each other. This is not  
entirely surprising, as we have been accustomed to the fact, for some decades now, that the weak 
quark eigenstates are superpositions of the mass or strong quark eigenstates connected by the Cabbibo-
Kobayashi-Maskawa matrix.  
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This discov ery of neutrino oscillation clearly points to physics beyond the Standard Model of particle 
physics, although neutrino masses could be incorporated into the Standard Model without major 
changes. But we will discuss in section 2, that such a ”minimal extended Standard Model” remains   
unsatisfactory and that more changes are only to be expected. This circumstance strongly correlates 
questions concerning  neutrino masses to the type of theories beyond the Standard Model. Knowledge 
of  neutrino masses is not only of great importance, therefore, for cosmology and astrophysics, but 
also very significant for particle physics.  
Unfortunately, neutrino oscillation experiments are only sensitive to the neutrino mixing angles and to 
differences between squared neutrino masses  | |22 ki2ik mm=∆m −  but not to the neutrino mass values 
mi themselves.  
 
Information on neutrino masses can be obtained by three different methods: 
1) cosmological observations 
2) search for neutrino-less double beta decay 
3) direct determination of the neutrino mass by kinematics 
Although Methods 1 and 2 are very sensitive to neutrino masses , their results are model-dependent as 
we will point out in section 2. On the other hand, direct neutrino mass determination from the 
kinematics of weak decays is essentially based on energy and momentum conservation only, and thus 
model-independent. As we will discuss in section 2, each of these three methods has its advantages 
and disadvantages, and each of them gives complementary information on the neutrino masses.  
 
The most sensitive direct neutrino mass search is based on the very precise investigation of a β-
spectrum near its endpoint, as was pointed out by Fermi when he developed the theory of β-decay in 
1934 [2]. At given energy resolving power of the β-spectrometer ∆EE /  a low β-endpoint energy is 
favoured, as is found in the case of tritium decay with a 12.3 keV, 18.6 2/10 =TE ≈ .  The long history 
of neutrino mass searches in tritium ß-decay  numbers about a dozen experiments, commenced by 
Curran et al. in the late forties, which yielded an upper limit of keV 1<)m(νe [21] (We do not 
differentiate between the masses of particles and antiparticles assuming CPT-symmetry. A definition 
of )m(νe in terms of neutrino mass eigenvalues is given in section 2). The most recent limit of  
 
                                                   ( ) )(<νm e L. C. 95%  eV 2                                               (1)  
 
Which has been published by the particle data group [5] is based on the results of the latest generation 
of experiments performed at the University of Mainz [22 ] and at the Institute of Nuclear Research at 
Troitzk near Moscow [23]. Considering that the observable in such a mass search is m2 rather than m, 
the limit has been improved, in the meantime, by 5 orders of magnitude.  
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The first breakthrough toward improved  mass limits was achieved by Bergkvist in the early seventies 
[24] by building a dedicated “ π2 ”-magnetic spectrometer with both  high luminosity and high 
resolution resulting in eV 55<)m(νe . For the first time, the influence of the excitation of the electron 
shell of the daughter molecule, which extends well above this limit, was taken into account in the 
analysis. The next major event, a decade later, was the claim of  the discovery by the ITEP group 
around Ljubimov in Moscow of a non-zero neutrino mass of eV 30  [25]. The group used for the first 
time, the new, powerful Tretyakov spectrometer [26] with its superior luminosity and resolution when 
compared to previous spectrometers. This instrument was based on a long, toroidal magnetic field 
which accepted the full azimuth of emitted β-particles,like the well-known orange spectrometer, but 
enhanced the momentum resolution by aligning four 180o orange spectrometers in series. A thin film 
of tritiated valine served as the source. The ITEP-result was received with some scepticism; this  
criticism was focussed on the analysis, but could not offer clear-cut grounds to dismiss the findings. 
The ITEP group responded, in a later publication, with a slightly revised, but still finite mass value of 
40eV/17 <)m(ν< e , based on a result for the squared mass of 
2
syststat
2 eV 16060970 )±±(=)(νm e  [27]. In retrospect one may identify two sources of error 
which could have falsified the ITEP result: (i) the inelastic scattering correction was probably 
overestimated which shifted the endpoint as well as  )(νm e2  upwards through correlations similar to 
those discussed in section 3.5. (ii) The confidence of the authors in their apparently too high T/3He-
mass difference of eV 418600HeT,3 )(=)∆M(  which resulted from their spectrum was backed, 
unfortunately, by another, at the time, new result from direct mass spectroscopy yielding 
eV 218599HeT,3 )(=)∆M(  [28]. Both turned out later to be significantly wrong,  when van Dyck 
et al. published a doublet splitting of 18590.1(1.7) eV obtained by cyclotron resonance in a Penning 
trap [29]. The latter value has been confirmed by a recent result eV 1,218589.8HeT,3 )(=)∆M(  
using the same technique [30]. 
 
Three groups decided to check the ITEP result by setting up dedicated experiments based on advanced 
Tretyakov spectrometers and new source concepts. The first to challenge the ITEP claim was the 
group around W. Kündig at the University of Zürich with a result 22 eV 310<)(νm e [31]. Their  
wide experience in the field of  condensed matter led them to build  a sophisticated source which 
consisted of a very homogeneous Langmuir-Blodget film of CT2-chains fixed by a single bond at one 
end to a silicon substrate for the second phase of the experiment. The final state spectrum of daughter 
excitations was computed by quantum chemistry methods [32] and considered in the analysis. The 
final result of this experiment was eV 11.7<)m(νe  derived from the measured observable 
L. C. 95%at  eV 614824 2stat2 )±±(=)(νm syste − [33 ]. 
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 A group at Los Alamos National Laboratory took  the next big step forward in source development by 
choosing a windowless gaseous tritium source (WGTS) [34]. They fed molecular tritium (T2) into a 
long tube with open ends. β-particles were guided along a strong axial magnetic field out of the tube 
into a Tretyakov spectrometer. It was even considered converting this source into an ideal, atomic one 
by dissociating  the T2 within a plasma beforehand. But this procedure has to be quantitative because 
an uncertain ratio of T/T2 would be highly disturbing in the analysis as the two endpoints differ by 
10.0 eV (see figure 5).  The final state spectrum of T2 has been calculated by various authors with 
increasing precision over the years, to the extent that its uncertainty has never  dominated 
experimental error bars to the present. A WGTS has also been chosen for the follow-up experiment at 
the Lawrence Livermore National Laboratory [35], as well as for the Troitzk experiment [36,37]. At 
present, an advanced molecular WGTS is under construction for the forthcoming KATRIN experiment 
at the Forschungszentrum Karlsruhe [38,39] (see section 5.1.). The Los Alamos group published a 
final result of L. C. 95%at  eV 9.3<)m(νe  derived from the measured observable 
2
stat
2 eV 4168147 )±±(=)(νm syste − [40]. An upgraded and, in certain respects, modified version 
of the Los Alamos experiment has been set up at Livermore, as mentioned above. Their full data set 
fitted to a squared mass of 22 eV 20120 )±(=)(νm e − ; from a restricted set, the authors derived an 
upper mass limit of eV 8<)m(νe [35]. 
 
 
Figure 1: Squared neutrino mass values obtained from tritium β-decay in the decisive period 1990-2005 plotted  
against the year of publication (see text for the references). The results from the more recent experiments in 
Mainz and Troitzk, presented in section 4, are already included. 
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The )(νm e2 -values obtained by the three checking experiments did agree among themselves within 
their combined error bars (compare figure 1); the error bars also excluded the ITEP-result. One could, 
however, recognize another problem which  subsequently troubled the community for a long time: The 
mean values  now  fell  into the unphysical negative region of the m2-plot! Somehow the new 
experiments seemed to have overshot the mark. This feature was not significant for the Zürich-result 
where the  error bar still extended into the positive sector. This also holds true for the results from the 
Tokyo- and Beijing-experiments, which were obtained from conventional spectrometers with modest 
luminosity [41,42].  
 
But in view of the smaller errors, the results from Los Alamos, and particularly from Livermore, have 
a problem, caused, in all likelihood, by some unrecognised systematic error source. How should  such 
a result be interpreted? Before 1998 one followed the so-called Bayesian approach, which was 
recommended by the Particle Data Group; it gave the following guidance : (i) The respective Gaussian 
error curve is centred at the place of the mean experimental value in the unphysical region and the 
fraction of its area which extends into the physically allowed region is determined; this fraction is 
considered the chance of the unphysical value found to be just a statistical fluctuation instead of being 
caused by some unrecognised systematic error. (ii) The residual area in the physically allowed sector 
is split into parts 95% to 5% (90% to10%) and the position of the split is considered the upper limit of 
the quantity in question with 95% (90%) confidence level (C. L.). Since 1998 the Particle Data Group 
favours the so-called frequentist approach [43], which gives similar results close to the physically 
allowed region.   
 
Of course, such limits are subject to the disadvantage of being increasingly  'contaminated' , the   
further the result  is located in the unphysical region in terms of  units of its uncertainty σ.  Moreover, 
this ought not to be the only criterion of evaluation: looking again at  the )(νm e2 -plot of figure 1, one 
can see that later, much more obviously, precise results also populate the negative sector. Furthermore, 
their distance from the physical limit has been reduced in proportion to the error, and the latest result 
is fully compatible with 0 [5]! This is a typical situation in precision experiments: Residual 
contaminations of a result are uncovered only at higher levels of experimental and statistical accuracy 
and are eventually eliminated only then. These very precise results have been obtained at Mainz and 
Troitzk using a novel type of electrostatic filter, which features higher luminosity and resolution than 
magnetic spectrometers. A huge instrument of this kind will also serve the forthcoming KATRIN-
experiment  [39]. These experiments form the centrepiece of this review. The subject has already been 
covered in part in the context of a recent, more general review on neutrino masses by Weinheimer [44] 
or by Robertson and Wilkerson [45]. The earlier experiments, which we have recalled here briefly, 
have been discussed in reviews by Holzschuh [46] and by Robertson and Knapp [47] 
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Our review is structured as follows: In section 2 of this paper, we  present briefly the phenomena of 
neutrino oscillation and models to describe neutrino masses. In this section, we  also present a brief 
synopsis of the three above mentioned methods of obtaining information on neutrino masses. In 
section 3, we discuss the β-spectrum with respect to its sensitivity to the neutrino mass and correlated 
parameters, as well as systematic effects. Section 4 deals with the latest generation of experiments on 
neutrino mass limits from tritium-β-decay, including side experiments for the study of systematic 
effects. The paper finishes with a preview on forthcoming experiments, in particular the KATRIN 
experiment at Karlsruhe.  
 
 
2. Neutrino masses in particle physics, astrophysics and cosmology  
 
2.1.Neutrino oscillations 
Proceeding under the assumption that the three neutrino generations have finite masses 
mi =m1 ,m2 ,m3  ,it is natural to assume that (in analogy to the quark sector) the weak interaction is 
not diagonal in the neutrino mass eigenstates νi = ν1, ν2, ν3 but produces flavour eigenstates να = νe, νµ, 
ντ,  as superposition of mass eigenstates connected by an unitary 3×3 mixing matrix U: 
 
                                                   ∑
i
iαiα νU=ν .                                                              (2) 
 
Then, after generating a weak eigenstate  να in a weak reaction, its mass components νi  propagate 
each with different phase velocity leading to observable flavour oscillations along its flight path; the 
oscillation length will scale with the total neutrino energy Etot ν and the reciprocal difference of squared 
masses | | 2ikki ∆m=mm 22 − [48]: 
 
                                                           
2
νtot /4 ikik mEL ∆= pi .                                                      (3) 
 
The oscillation amplitude is determined by the coefficients U ik or likewise by mixing angles ik . In 
the latter representation, the unitary neutrino mixing matrix U is decomposed into three rotation 
matrices 
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In case neutrinos are identical to their antiparticles, we call them Majorana particles, in contrast to 
Dirac particles, which differ from their antiparticles. For Majorana neutrinos the matrix U has to be  
expanded by 2 additional complex Majorana phases α2 and α3: 
 
             
.
)2/exp(00
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001
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 (5) 
 
The phase accounts for a possible CP-violation of neutrino mixing like in the quark sector;   
but has not been observed in present oscillation experiments as yet. The Majorana phases α2 and α3 
are not accessible by neutrino oscillation experiments. 
The many neutrino oscillation experiments with evidence for neutrino mixing of type 12Θ and 23Θ  
together with those experiments observing upper limits for 13Θ  [49,50] have yielded a consistent 
picture of neutrino mixing with the following parameters (as evaluated from the latest results) [5]: 
0.19.2sin                 12sin0.92                  0.86 2sin  
      3.0eV10/1.9       eV108.0
13
2
23
20.03
0.0412
2
23250.4
0.3
<ΘΘ<=Θ
<∆m<=∆m
+
2
23
+2
12
≤
×
−
−−
−
        (6) 
 
These results tell that 
• Neutrinos have a rest mass in contrast to their description in the Standard Model. 
• Their mass differences are small and separate 3m distinctly from a more closely spaced 
doublet )m,(m 21 .  
• The lepton family number Li is violated, which is not in contradiction to the Standard Model, 
as there is no underlying symmetry requiring lepton family number conservation. 
• The mass eigenstates are strongly mixed in weak interactions; oΘ 3412 ≈  dominates the 
observed e - oscillation in solar and reactor neutrinos; oΘ 4523 ≈  dominates the 
observed -oscillation in atmospheric neutrinos; )(ν τe ν, -oscillation is yet to be 
discovered. 
 
The two differences of squared neutrino masses observed so far in neutrino oscillation experiments     
provide  neither the absolute mass values nor the ordering of m3 with regard to the other two neutrino 
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masses m1 and m2. The ordering of m1 and m2 is known to be m2>m1 from additional, dispersion-like 
matter effects in solar neutrino oscillation [51]. Assuming that the lightest neutrino has a mass much 
smaller than 223∆m  (so called hierarchic case), the mass of the heaviest one would be 
 
                                    eV 0.05 max ,hierarchic ≈≈ 223∆mm .                                                    (7) 
 
The opposite case ναi
2
ik m)m(νm∆m ≈≈<<  is called the degenerate case, where all neutrinos 
have about the same mass νm  and their absolute splitting | | ν2ikki m∆mmm 2/≈− shrink reciprocal to 
this common mass. Figure 2 shows the possible neutrino mass schemes versus the unknown mass of 
the lightest neutrino mass for the case )m(ν>)m(ν)m(ν 123 >  (“normal hierarchy”) and for   
)m(ν>)m(ν)m(ν 312 >  (“inverted hierarchy”). 
 
 
 
 
Figure 2: Neutrino mass eigenvalues m(νi) (solid lines) and one third of the cosmological relevant sum of the 
three neutrino mass eigenvalues Σm(νi)/3 (dashed line) as a function of the smallest neutrino mass eigenvalue 
mmin for normal hierarchy )m(ν>)m(ν)m(ν 123 >  (left) and inverted hierarchy )m(ν>)m(ν)m(ν 312 >  
(right). The upper limit from tritium β-decay on m(νe)  (solid line), which holds in the degenerate neutrino mass 
region for each m(νi), and for Σm(νi)/3 (dashed line) is also marked. The hot dark matter contribution Ων to the 
universe relating to the average neutrino mass Σm(νi)/3 is indicated by the right scale in the normal hierarchy 
plot and compared to all other known matter/energy contributions in the universe (middle). With the relic 
neutrino density of 336/cm3 the laboratory neutrino mass limit from tritium β-decay m(νe) < 2eV corresponds to 
a maximum allowed neutrino matter contribution in the universe of Ων < 0.12.  
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2.2. Models of generating neutrino masses 
Since we  still lack a general, valid theory of masses of elementary particles, these fundamental 
quantities are empirical input parameters to the theoretical model.  The experimental situation is 
furthermore quite complex. In the case of quarks, access to the mass of the free particles is impossible, 
in the strict sense, as the strong interaction (QCD) confines them to the complex structure of hadrons; 
asymptotic freedom, on the other hand, is reached only at fully relativistic energy where the rest mass 
is hardly recognised in the kinetics any more. Hence we have to accept relatively large uncertainties; a 
factor of 2 even in the case of the first, light generation u, d [5].  Regarding leptons, masses are known 
to many digits in the charged sector e, µ, τ. But the many attempts in the search for a missing neutrino 
mass in the kinetics of any kind of reaction or decay involving neutrinos, have yielded only upper 
limits so far; here, the result for the electron neutrino from tritium decay, m(νe) < 2 eV, is by far the  
most precise [5].  
Intuitively, one might take the large mixing angles as  indicating degenerate neutrinos.  Speculation 
apart, we  possess a first experimental indication for the degenerate case from neutrinoless double β-
decay (see next section). In any case, the oscillation parameters (6) definitely imply that the present 
upper mass limit of 2eV from tritium β-decay applies to any mass- or flavour eigenstate.  Experiments, 
therefore, to improve further on the present limits of direct )m(νµ - or )m(ντ -measurements (see 
sections 2.5.1. and 2.5.2.) would have limited interest for on-going study.  
 
Present theoretical models cannot give clear preference to either case, but the various neutrino mass 
scenarios may correspond to different extensions of the Standard Model: usually the charged fermions 
acquire their mass by the coupling of the left-handed weak isospin fermion-doublet (e.g. 





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fe) and the Higgs vacuum expectation value v within the Lagrangian;  
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The corresponding Yukawa-couplings are rather similar within a fermion family (e.g. due fff ≈≈ ) 
yielding similar masses. Within the Standard Model there is no right-handed neutrino singlet, resulting 
in non-existing neutrino masses. Of course, in order to obtain a non-zero neutrino mass, we may 
introduce a right handed neutrino singlet ( )Rν  into an extended Standard Model yielding (via the 
coupling to the charge conjugate of the Higgs-doublet) a mass term with neutrino mass mD, which we 
call the Dirac-mass term (see illustration in figure 3a): 
 
..ch+)vv(m=L RLDν −      (9) 
 
 It remains very unsatisfactory, however, that the Yukawa-coupling for neutrinos have to be at least 6 
orders of magnitude smaller than the ones for all other charged fermions without any reason. 
Therefore, this mechanism for generating neutrino masses is generally considered to be rather 
unlikely. 
 
We will get much more room to manoeuvre, if we allow neutrinos to equal their antiparticles. It is,of 
course, appreciated that  this violates total lepton number conservation. Using the charge and parity 
conjugated neutrino state cv  in addition two new neutrino mass terms, the so-called Majorana mass 
terms, are allowed to appear in the Lagrangian L of an extended Standard Model (We  denote it for 
one neutrino family for simplicity. The factor ½ appears because of the double counting of neutrino 
states and their conjugates):  
 
( ) ..)())( , (
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..)( )(  ))()(  ( 
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RRLLLRLD ch
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
−=++ ++−=ν  
(10) 
The mLL-term transforms a left-handed neutrino into its charge and parity conjugated state, whereas 
the mRR-term couples a right-handed neutrino with its charge and parity conjugate. It is obvious, that 
such couplings between particles and their charge and parity conjugates could only exist for neutral 
particles like the neutrinos. The mLL-term is not allowed in an extension of the Standard Model with 
only the Higgs doublet [52], because Lv  lives in a weak isospin doublet and the term cLL )(vv violates 
weak isospin. If we then calculate for mLL = 0 the mass eigenvalues of the mass matrix M, we will 
obtain the following neutrino masses (the resulting negative mass value mν1 can be mirrored into the 
positive sector by a phase rotation) for DRR mm >> : 
 
RR
RR
D mm
m
m
m ≈≈    2
2
1 νν .    (11) 
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Figure 3: Schematic view on different ways to generate light neutrino masses (charge conjugate neutrino states 
νc are plotted moving backward in time): a) Coupling a left-handed neutrino νL to a right-handed light neutrino 
νR via the Higgs Φ (Dirac mass term). b) Coupling a left-handed neutrino νL to a right-handed heavy neutrino νR 
(via Higgs), transforming to its charge and parity conjugated mass state and back to the conjugate of the left-
handed neutrino (via Higgs) within the time allowed by the uncertainty principle (the heavy neutrino is 
integrated out and gives rise to the suppression of the light neutrino mass mν1). This mechanism is termed the 
Type 1 Seesaw-mechanism.  c) Neutrino mass term by coupling of a left-handed neutrino to its charge and parity 
conjugated state via a Higgs-triplet ∆, which couples twice to the Standard Model Higgs. This mechanism is 
called Type 2 Seesaw-mechanism.  
 
 
In this limit the parameter mRR corresponds to the mass of a right-handed heavy neutrino (see figure 
3b). If mRR is of the order of the GUT scale and mD is as large as typical charge lepton masses, then 
mν1 will become very light and just be of  the right order. This mechanism is called the Type 1 
Seesaw-mechanism [55,56], and describes the smallness of the neutrino mass in a natural way and 
favours hierarchical neutrino mass scenarios by the 2Dm dependence of mν1. Although this mechanism 
looks quite appealing, it  offers no natural explanation for the neutrino mixing to be so large.  
 
As an alternative  to the introduction of the right-handed heavy neutrino, we could rather naturally 
obtain  small neutrino masses if we allow a mLL-term by introducing additionally to the Standard 
Model Higgs, a new Higgs-triplet ∆, which couples to the left-handed light neutrino and its conjugate 
(see figure 3c) [57]. Such a Higgs-triplet exists in most supersymmetric extensions of the Standard 
Model. This mechanism favours degenerate neutrino mass scenarios and is termed the Type 2 Seesaw-
mechanism. 
When both extensions (right-handed heavy neutrinos and Higgs-triplet) are present, we can explain 
any kind of neutrino mass hierarchy. 
 
The diagrams in  figures 3b) and 3c) are both implementations of an effective dimension 5 operator 
with two left-handed fermion doublets, two Higgs fields and an effective heavy scale Λ in the 
denominator, which generates the smallness of the neutrino mass [58]. Therefore, from the particle 
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physics point of view, the determination of neutrino masses and their hierarchy leads necessarily into 
terra incognita up to very large scales Λ beyond the Standard Model. Another corner stone is the 
knowledge of the history of the Big Bang, which has run through the relevant high energy phases. For 
a comprehensive review on the present status of neutrino theory see, for example, ref. [59]. 
 
2.3. Neutrino masses from cosmology 
The Big Bang has left over a dense, blackbody radiation of so-called relic neutrinos, similar to the 
cosmic microwave background (CMB) (the substance of this section is reviewed, for example, in ref 
[60]). These have cooled down   by adiabatic expansion over time to a temperature of about 2 K, and 
populate the universe with an average density of 336/cm3, summed over the 3 eigenstates and both 
helicities with equal abundance. Their number surpasses that of baryons by 9 orders of magnitude. Let 
us assume, for instance, that the 3 mass eigenvalues sum up to eV 1=mi∑ ; then neutrinos would 
already  account  for some 2% of the total mass/energy budget of the universe – more than that of the 
stars. In the current cosmological model, relic neutrinos represent so-called hot dark matter which (in 
contrast to cold dark matter) was not bound to local gravitational fields during structure formation  
because of the sufficiently small rest masses of the particles. Therefore, hot dark matter was capable of 
relaxing local fluctuations in the mass/energy density distribution by a kind of diffusion-like 
mass/energy transport in-between. The transport would scale with the mass density of hot dark matter 
and it would relax density fluctuations over short distances more strongly then over large ones, which 
is typical for diffusion processes. 
 
Non-statistical fluctuations of the mass/energy distribution have been discovered and mapped with 
great accuracy for CMB [7], as well as for the distribution of a huge sample of observed galaxies [61]. 
The former represents the early universe  some 380 000 years after the Big Bang, the latter the large 
scale structure (LSS) of the present and recent universe. In case of CMB, the observed angular pattern 
of the radiation temperature is expanded into spherical harmonics up to angular momentum l 1000 . 
In case of LSS, one determines the spatial correlation of the distribution of galaxies and Fourier-
transforms it onto k-space. The resulting very characteristic spectra are basic input parameters for 
fitting the parameters of the present model of cosmic evolution. The most spectacular outcome of such 
fits was the following: About 95% of the mass/energy budget of the universe has to be attributed to 
unknown sources of which 70% are ascribed to Einstein’s cosmological constant Λ or, more generally, 
to so-called dark energy, which is responsible for the accelerated expansion of the universe. A share of 
25% is ascribed to cold dark matter which leads to the clustering of galaxies.  
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For hot dark matter, the fits have, so far, found only upper, but quite sensitive limits : In 2008, the 
WMAP-Collaboration published a value [7]  
 
                                                           ∑ ≤ eV 0.61im .                                                       
 (12) 
 
In the meantime more data on CMB, as well as LSS, has become available, and a number of new 
upper limits have been published, which cover a range of about (0.2 – 1) eV [5,58]. The sharper limits 
rely on additional constraints, e. g. from weak gravitational lensing and from the so-called Lyman-α 
forest; the weaker ones are more conservative and bear lesser risk of model dependence. Recently, 
analysis of so-called baryon acoustic oscillations in the LSS [59] allows for a less model-dependent 
analysis of the structure at small scales than using the Lyman-α forest [62].  
In the near future the SSDS-survey will have mapped some 1 million galaxies, and the Planck satellite 
will have refined the CMB map. The fits are predicted to achieve a sensitivity on neutrino masses well 
below eV 0.1=mi∑ and even to approach the mass scale of the normal hierarchy . However, this 
will not be a measurement of the neutrino mass but a result from fitting a model with many 
parameters, of which some have not yet even found a physical explanation . Consequently, astro- and 
particle physicists are equally eager to see the model-dependent fitting of the neutrino mass being 
paralleled by another direct mass measurement with increased sensitivity in the laboratory.  In a 
number of papers, the interplay between absolute neutrino mass values from single- and double β-
decay, as well as from cosmology, has been discussed in the context of present results and future 
targeted experimental outcomes. For three recent examples see [63,64,65]. 
 
 
 
2.4. Neutrinoless double β-decay and neutrino mass 
The search for neutrinoless double β-decay (0νββ) is a classical approach to physics beyond the 
Standard Model, as it would violate,in the first instance, the conservation of lepton number L. The 
mechanism usually considered is as follows: The emission of the first β  is accompanied by a virtual ν; 
the latter is reabsorbed by the intermediate daughter nucleus (A, Z-1) via inverse β-decay, leading to 
the final state (A, Z-2) + 2β + 0ν (here denoted for the case β-β-). The neutrino has to be of Majorana 
type which violates L by definition as particle-antiparticle superposition. A finite neutrino mass is 
required in order to produce in the chirality-selective V A -interaction a neutrino with a small 
component of opposite handedness on which this neutrino exchange subsists. The decay rate would 
scale with the absolute square of the so called effective neutrino mass mee :  
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Here eem represents the coherent sum of the im -components of the 0νββ-decay amplitudes and hence 
carries their relative phases. With the given oscillation parameters and the knowledge of the type of 
neutrino mass hierarchy, the number of unknown parameters of mee reduces to 4, one mass mi , two 
phases )2( , 32 ϕαα + , and the mixing angle 13Θ . In case of inverted mass hierarchy (i. e. 
2m,mm 13 << ) or degenerate neutrinos, we may disregard the 3m -term in (13) because of the small 
13Θ . In both cases 1m and 2m  are about equal; hence the phase difference 2α  plays a decisive role 
because πα ≈2   leads to a strong cancellation of mee as Θ12 is quite large (see equation. (6)).  
 
Besides neutrino masses and phases, the nuclear matrix element is a major player in 0νββ-decay, 
because it has to be summed up coherently over the whole spectrum of states in the intermediate 
nucleus, to which the parent and the final nucleus connect by β-decay. Great efforts have been made, 
at many times, to tackle this difficult task, applying different theoretical approaches, and with different 
results (for a recent article see [66]). To accept  these differences as current theoretical uncertainties is 
a pragmatic,  albeit not convincing, approach. If one assigns an accuracy within a factor of order 2 to 
the most advanced theoretical results, one has probably arrived at a fair compromise between the 
views of the optimists and those of the pessimists in the field.  
 
Models beyond our Standard Model extended to Majorana neutrinos, offer a range of mechanisms 
which could contribute at some level to 0νββ-decay with a structure different from (13) (e.g. by the 
exchange of a supersymmetric particle, instead of a massive neutrino) and with an open parameter 
space. ( So far the situation resembles, somewhat, the well-known case of the muon g-factor anomaly, 
which integrates up any kind of virtual interaction even beyond QED. In that case, a level of 
experimental and theoretical precision has been reached where new physics might enter the last of the 
8 significant digits [5].) Still, neutrino exchange is considered to be the leading term. In this context, a 
theorem has been proved by Schechter and Valle telling that models which allow 0νββ-decay 
necessarily imply the existence of Majorana neutrinos with finite masses [67]. These arguments 
demonstrate that 0νββ-decay is involved in many open questions which cannot be answered 
simultaneously by a single decay rate. Its discovery would rather open a door into a new and wide 
territory.  
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Until recent years, all experiments on different nuclides have reported only upper limits of  and 
corresponding eem -values. The Heidelberg-Moscow experiment on double β-decay of 76Ge, which is 
considered the most sensitive one,  reported a result in 2001 [68] 
 
               .. 90%at eV  0.35ee LC<m .                          (14) 
 
Subsequently, a subgroup of this collaborative grouping published a refined analysis which revealed a 
signal at the right decay energy with a significance of σ 3  above background [69]. Additional data and 
a new calibration have strengthened the signal up to σ4.2 ; it corresponds to a decay rate 
y=Γ /100.84 260ννβ
−×  from which the authors derive an effective neutrino mass in the limits [70] 
 
                                                   0.9eV/0.1 ee ≤≤ m  .                                                          (15) 
The result (15) lies above the hierarchic limit (7) and would classify neutrino masses as being 
degenerate.  
 
These analyses with positive results for 0νββ were received with scepticism by parts of the 
community (e.g. [71,72] for direct criticisms to [67]). The significance could be enhanced to σ6  by 
pulse shape selection [73]. This data cut rejects most of the γ-background as giving rise to pulses 
which are diluted in time due to a delocalized, so called multi-site energy deposition, whereas ββ0ν-
events deposit their energy locally (single-site event). Still, both types of events populate rather broad 
classes of pulse shapes with some overlap which cannot be strictly quantified. Hence this latest result 
may be regarded as enhanced significance for a lower limit rather than an improved value of the decay 
rate. However, the scepticism felt by part of the community still remained, although no stringent 
counter-argument could falsify the claim.  
 
This situation clearly calls for experimental clarification by independent experiments with enhanced 
sensitivity on 76Ge and other suitable nuclides. In the future, several experiments on 0νββ-decay (for a 
recent review see [74]) aim at reaching a sensitivity limit in the range of the limit (7) which would be 
sufficient to discover the case of inverted hierarchy (provided the phase 2α  is constructive) (see figure 
4). 
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2.5 Neutrino masses from kinematics 
Besides nuclear β-decay, which is treated extensively in later chapters, several other laboratory 
experiments, as well the Supernova event 1987A, have provided upper limits of absolute neutrino 
masses from the analysis of neutrino kinematics. Before the discovery of neutrino oscillations, it was 
necessary to address each neutrino flavour separately in this context. In the following, we will briefly 
summarise the results. 
2.5.1. m(νµ) from pion decay 
As compared to β-decay, the rest mass of neutrinos which are associated with the production or decay 
of a muon or a tau is much harder to observe, since these neutrinos carry much higher energies.  The 
muon neutrino mass m(νµ) has been investigated in the two-body decay of pions at rest: 
 
                                            or µ
++ ν+µπ →  µν+µπ
−− → .                                              (16) 
 
Energy and momentum conservation result in sharp momenta p(µ) = p(ν) from which follows: 
 
                      
( ) )µ()µ()π(2)µ()π( )ν( 2222µ2 pmmmmm +−+=                                (17)  
 
according to the relativistic invariant for total energy Etot and momentum p 
 
                                                  
22 pE=m 2tot − .                                                        (18) 
In a dedicated precision experiment at the Paul Scherrer Institute (Zurich) [75] the muon momentum 
has been determined to be p(µ) = 29.791998(110) MeV. Using input parameters  
m(µ) = 105.6583568(52) MeV and m(pi) = 139.570180(350) MeV [5] the authors have obtained from 
(17) a mass squared value 
                                      
22 MeV 0.0230.016 )±(=)(νm µ −                                                (19) 
 
from which an upper limit on the muon neutrino mass itself can be derived [5] (We will clarify the 
definition of m(νµ) in the context of neutrino mixing at the end of the following subsection.) 
 
                                       .L. C. 90%   keV 190 )(<)m(νµ                                                    (20) 
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Why is this limit so much higher than the uncertainties of the input masses and of the muon 
momentum from which it is derived? As already indicated above, this is a trivial consequence of 
relativistic kinematics, namely, of the quadratic form of the energy-momentum relation (18). 
Therefore, the given input uncertainties of neutrino energy and -momentum ∆Eν and ∆pν have to be 
scaled up with the full energy E
 tot ν  and momentum pν respectively, when calculating the uncertainty 
of the derived neutrino mass squared: 
 
                                    νν νtot  νtot 
2
ν
2
 νtot 
2
ν 22 ppEEpEm ∆+∆≈∆+∆≈∆ .                                  (21) 
 
In any search for a kinetic neutrino mass, neutrino energy should, therefore, be as small as possible; 
otherwise relativity hides the mass! This argument favours the search for m(νe) in low energy nuclear 
β-decay by many orders of magnitude as compared to the case of the other neutrino flavours. On the 
other hand, any decay rate into neutrinos shrinks with their phase space density, and hence with their 
energy squared! In-between these two poles little space is left, and tremendous effort will be required 
to devise new experiments which might extend  decisively  the existing limits of kinetic mass 
measurements.  
 
2.5.2. m(ντ) from tau decay 
The most sensitive direct information on the mass of the tau neutrino m(ντ) comes from the 
investigation of tau pairs which are produced at electron-positron colliders and decay into pions. 
Decays into a maximum of pions (19 and 20) yield the highest sensitivity on m(ντ) because they 
restrict the available phase space of the neutrino, however, at the expense of the branching ratio. The 
quantity looked at is the invariant mass of the multiple pions Mpi. In the rest frame of the decaying tau 
the respective relations are: 
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The most precise result has been obtained by the ALEPH collaboration at LEP. A 2-dimensional 
analysis in the ( )( ) plane-π, lab,tot ∑ j jπ EM  restricts the tau neutrino mass to [76] 
 
                                               
( ) )L(<νm τ .C.. 95%    MeV 18.2 .                                         
  (23) 
 
The existence of neutrino mixing tells us that the flavour neutrino eigenstates νe, νµ and ντ are certain 
superpositions of mass eigenstates mi. How do we then interpret the results of the pion and tau decay 
experiments? Due to the limited experimental resolution, the tiny splitting between the squared 
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neutrino mass eigenvalues were far from being resolved. This holds, too,  for all neutrino mass 
searches in nuclear β-decay. Therefore, the obtained upper limits for m(νe), m(νµ) and m(ντ) (see 
equations (1), (19), and (23)) correspond to the weighted average of the neutrino mass eigenstates 
contributing to the given flavour: 
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Although questioned by the KARMEN experiment [77], and later excluded by the MiniBooNE 
experiment [78],  the evidence for neutrino oscillation by the LSND experiment [79] would require a 
third squared neutrino mass difference ∆m2ij in addition to ∆m212  and ∆m223 which explain the findings 
of  solar and atmospheric neutrino experiments. The question was, therefore, raised as to whether the 
neutrino mixing matrix should be extended to more than 3 neutrino states. These additional neutrinos 
cannot couple to the Z0- and W±-bosons, as we know from the measurement of the Z0-pole width, there 
are exactly three active neutrino states [5]. Good candidates for these so-called “sterile neutrinos” are 
the right-handed neutrinos discussed in the context of Majorana neutrino mass terms (see section 
2.5.2). Although they do not couple  to the weak gauge bosons, sterile neutrinos become visible by 
their mixing to the neutrino mass states. In a measurement of weak decay kinematics, e.g. of a β-
decay, we would then have to extend  our neutrino mass formula by ns sterile neutrino mass states; 
however, this would not affect the shape of the β-spectrum, as long as the different mass states are not 
resolved:  
m2 e
i= 1
3+ns
U ei
2 2mi
2
      (25) 
 
2.5.3. Neutrinos from supernova 1987  
In section 2.5.1 we argued that in order to achieve access to the neutrino mass, we have to restrict the 
available neutrino phase space as much as possible in order to allow the neutrinos to exhibit their mass 
when they are not fully  relativistic. The investigation of µ- and τ-decays, cannot, therefore, compete 
with β-decays measurements.  
Although we cannot bypass the arguments of relativistic kinematics, one can still compensate for this 
disadvantage in that the neutrino mass uncertainty ∆m2ν scales with the total neutrino energy Etot ν (e.g. 
equation (21)) by the determination of the neutrino energy with extremely small uncertainty ∆ Etot ν. 
Astrophysics offers extremely bright neutrino sources, like, for example, a Type II supernova, which 
could  provide a neutrino time-of-flight measurement. A reasonable compromise between a flight path 
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long enough to obtain the necessary small uncertainty ∆ Etot ν and a still acceptable neutrino detection 
rate is provided by Type II supernova explosions in our own, or in a neighbouring galaxy. These 
nearby supernovae can be expected to occur a few times per century.   
In 1987, underground detectors at Baksan, Caucas [80], in the Morton Thiokol mine, Ohio [81], and in 
the Kamioka mine, Japan [82], observed a burst of neutrinos which, undoubtedly, had arrived from the 
well-known supernova 1987A in the Large Magellanic Cloud, close to our galaxy, after a time of 
flight of about s 105 12×≈t . Altogether about two dozen events occurred within a time interval of 
about s 10≈∆t  at energies between MeV 10mintot ≈E  and MeV 40max tot ≈E  with  the more 
energetic particles tending to arrive earlier. If one ascribed this effect to a rest mass, one can arrive at a 
rough estimate quite easily using βmax ≈1≈ βmin and Etot max2 >> Etot min2: 
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(26)     
 
The latest detailed analysis identifies an upper limit of eV 5.7<)m(νe  based on input, which also 
includes the dynamics of realistic supernova models [83]. Relation (26) is another example of the 
consequence of how relativity uncompromisingly reduces enormous relative accuracy in the raw data 
of 1210− down to its square-root in the final result.  Nonetheless, this mass limit (though being model 
dependent) matches the order of magnitude of the best laboratory results. If neutrinos from another 
nearby supernova  arrive on earth at some time in the future, they will  encounter a set of sensitive 
neutrino detectors, well prepared to learn more neutrino- as well as supernova physics from the event.  
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2.6 Complementarity of the different methods 
We want to  remark upon the important difference between the composition of the masses )m(νe  
(equation (24)) and eem (equation (13)) observed in single and neutrinoless double β-decay, 
respectively: In the former case we measure an incoherent and unresolved sum of β-spectra each 
leading with probability | |2eiU to a mass eigenstate im in the latter case a coherent sum of these 
masses with unknown phases. The present neutrino mass limit of 2eV/ 2 c<)m(νe from tritium β-
decay (1) does not provide a critical check of eem in the claimed range of (15). But the follow-up 
experiment KATRIN, designed to reach a sensitivity of eV 0.2   fits  into it well. If non-zero neutrino 
masses )m(νe  and eem will be found both in single and in neutrinoless double β-decay, respectively, 
their difference could be used to gain information on the Majorana phases 3α,α2 , which are otherwise 
not accessible [84].  
 
            
 
Figure 4: Observables of neutrinoless double β-decay mee (open band) and of direct neutrino mass determination 
by single β-decay m(νe) (thin gray area sitting at the upper end of the mee band) versus the cosmological relevant 
sum of neutrino mass eigenvalues Σm(νi) for the case of normal hierarchy (left) and of inverted hierarchy (right). 
The width of the bands/areas is caused by the experimental uncertainties of the neutrino mixing angles (6) and in 
the case of mee also by the completely unknown Majorana- and CP-phases )2( , 32 ϕαα +  (13). Uncertainties 
of the nuclear matrix elements, which enter mee, are not considered. 
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As equation (24) is free of undetermined interference terms, it would answer the question about 
absolute neutrino masses unambiguously. Figure 4 illustrates that there is a clear correlation of 
m e  with the cosmological relevant neutrino mass sum ∑ )m(νi . On the other hand, the 
unknown CP- and Majorana-phases )2( , 32 ϕαα + in the coherent sum (13) do not permit  
neutrinoless double β-decay a precise determination of  ∑ )m(νi  nor of the mass scale )m(νe  (see 
figure 4). But we would like to note that the importance of the search for neutrinoless double β-decay 
does not only relate to the value of the neutrino mass. The search for neutrinoless double β-decay is 
the only method to establish a possible Majorana character of neutrinos, which is of great importance 
for particle physics. 
 
In summary, recent years have witnessed enormous progress in our knowledge of neutrino properties, 
which is giving decisive input and drive to theoretical particle physics. But we are still only halfway; 
great efforts are being made to master the remaining half as well, in order to arrive at a conclusive 
experimental and theoretical picture of neutrino physics. 
 
 
 
 
 
3. Nuclear β-decay and neutrino mass 
 
3.1. Suitable candidates for neutrino mass search 
As previously mentioned, the most sensitive upper limits on the mass of the electron neutrino m e  
(1)) have been achieved by investigating the -spectrum from nuclear beta decay. The phase space 
region of low energy neutrinos, where the highest sensitivity to the neutrino mass is achieved 
according to (21), corresponds to the very upper end of the ß-spectrum.  This extremely tiny part of the 
spectrum can be emphasized with respect to the, with regard to the neutrino mass, embarrassing bulk 
by choosing β-emitters with very low endpoint energy like 187Re with keV 2.60 ≈E  ,or tritium 
with keV, 18.60 ≈E respectively. Although 187Re has a 7.5 times lower endpoint energy compared to 
tritium, there are quite a few arguments which favour tritium as the ideal isotope for a neutrino mass 
search experiment: 
 
 23 
1. Tritium β-decay is a super-allowed decay with a rather short half-life of 12.3 y, whereas the 
uniquely forbidden 187Re β-decay has a half-life of 4.3·1010 y. Therefore, tritium is the only β-
emitter, which allows a specific activity large enough for an experimental set up with a β-source 
and a separated β-electron spectrometer.  
2. Only (super-) allowed decays have a nuclear matrix element, which does not show any 
dependence on the energy of the β-electron. 
3. T2 is the simplest molecule allowing quantitative calculation of its final state spectrum (s. sec. 
3.4). 
The arguments 1. and 3. against  187Re β-decay can in principle be overcome, however, by using 
cryogenic bolometers, which act at the same time as a β-source and as a detector (sec. 5.2).  
 
3.2. Q-value and endpoint of β-spectrum 
The candidates selected above are -emitters characterized by 
.1 Q+ν+e+)+Z(A,Z)(A, e−+→     (27) 
They release surplus energy Q which is shared between the kinetic energy of the ß-particle (E), the 
total energy of the neutrino (Etot ν), the minute recoil energy (Erec) carried by the much heavier 
daughter, and the excitation of the daughter to a final state of energy Vj : 
 
.Brec0jrecν tot ∆E∆M=E+E=V+E+E+E=Q −    (28) 
 
We will briefly discuss the different terms in (28). In case of zero neutrino mass and the daughter 
being produced in its very groundstate (Vj=V0=0), the β-spectrum would terminate at the so called 
endpoint  
 
rec0 EQ=E − .  (29) 
 
Figure 5 demonstrates that Q is given by the mass difference )+ZM(A,Z)M(A,=∆M 1−  between 
the (by definition) neutral mother and daughter atoms, corrected for the difference in electronic 
binding energy B∆E between the atomic mother/daughter pair and the actual mother/daughter 
systems of the experiment, for instance, a neutral molecule and a molecular ion, respectively. This 
correction may be calculated, for example, from a combination of ionisation energies (Eion) and 
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molecular dissociation energies (ED), as illustrated in figure 5. For the decay of gaseous T2 into the 
groundstate of the molecular daughter ion (3HeT)+ ,the correction is [85,86] 
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With eV 1.72rec =E  (see (40)) one calculates from the most recent ∆M-value [30] using (29) and (30) 
for this decay the endpoint energy of 
 
eV. 1.218571.820 ±=)(TE                        (31) 
 
 
 
 
Figure 5: Level diagram illustrating the relation between mass difference ∆M(3He,T) measured by cyclotron 
resonance in a Penning trap [30] and the Q-values of molecular and atomic tritium decay. 
 
 25 
The endpoint of the decay of atomic tritium (T)E0 is lower by 10.0 eV (This includes the reduction by 
the twice as large recoil energy eV 3.44rec =E of the daughter). In section 3.4, we will argue that the 
rotation-vibration excitation of the (3HeT)+- daughter will lower the average endpoint of molecular 
tritium β-decay  by another 1.72 eV, such that the average total energy given to nuclear motion is the 
same as in atomic tritium decay.  
. 
3.3. Nuclear β-spectrum 
The decay probability Γ of a state i  (given in energy units due to the suppression of a factor h/1 ) is 
π2 times the square of the transition matrix element
  i fM summed and integrated over all possible 
discrete and continuum state f  of the daughter system and the emitted particles (Fermi’s golden 
rule)  
 
                                                       
| | dfMπ=Γ fi∑∫ 22 .                                                        (32) 
 
The matrix element in (32) is factorized into a leptonic part (Mlep) and a nuclear part (Mnuc), multiplied 
by the universal Fermi coupling constant 2-5 GeV1011.16637 −⋅ )()(=GF [5] (suppressing a 
dimensional factor 3c)(h ) and its projection | | )(=Θ=V Cud 270.97377cos [5] onto (u,d)-coupling by 
the Cabbibo angle CΘ : 
 
                                                    nuclepcos MMΘG=M CF .                                                     (33) 
 
According to Fermi’s original ansatz of a point-like weak interaction, the leptonic part | |2lepM  
essentially results in the probability of the two leptons to being found at the nucleus. In case of an 
allowed, or super-allowed, decay like tritium where no orbital angular momentum is involved, this 
probability is 1/V for a plane neutrino wave emitted into the box normalisation volume V. For the 
electron, this density is modified by the Fermi function 
 
                                          
πη)(
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It accounts for the final electromagnetic interaction of the outgoing electron with the daughter nucleus; 
β)+α(Z=η /1
 is the Sommerfeld parameter, fine structure constant, cv=β / . The leptonic 
matrix element – reduced to its kinetic part – can now be written as 
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| | 22lep /1 V)+ZF(E,=M .                                               
(35)  
 
Its spin structure and coupling to the nuclear spin, as well as its (β,ν)-angular correlation, is usually 
contracted into the nuclear matrix element. 
                                                                                              
For an allowed or super-allowed transition, the nuclear matrix element Mnuc is independent of the 
electron energy. Generally, this matrix element can be divided into a vector current, or Fermi part, and 
into an axial current, or Gamow-Teller part. In the former case, electron- and neutrino spin couple 
to 0=S , in the latter to 1.=S  Summing over spin states and averaging over the (β, ν)-angular 
correlation factor  
 
)βa(β+ ν⋅1              (36) 
 
(with the electron velocity vector β = v/c and the neutrino velocity vector βν = vν/c) [87], the hadronic 
matrix element for tritium decay is [47] 
 
                                                        
| | 5.552nuc =M .                                                        (37) 
 
Next, we address the continuum of the outgoing β and ν which forms the β-spectrum. The number of 
states dn in a phase space element dΦ  into which the β is emitted (suppressing a factor 3 ) is 
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where V is again the box normalisation volume. On the right, we have transformed momentum into 
energy space by help of (18). Then, the two particle phase space density of β and ν is given by the 
product  
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where the indexed variables stand for the ν. The recoiling daughter has no phase space of its own, 
since its momentum is fixed to )( νpp +−  which yields the recoil energy in the limits 
 
      )2/()2(2/2/)(0 daught020daught2maxmax rec daught2νrec mmEEmpEmE +==≤+=≤ pp .     (40) 
 
At the β-endpoint recE reaches its maximum value given on the right of (40) (neglecting mν); for a 
tritium ion this amounts to 3.44 eV, for the centre of mass motion of the daughter molecule (3HeT)+ to 
1.72 eV. 
 
The phase space density (39) is distributed over a surface in the two-particle phase space which is 
defined by a δ-function conserving the decay energy. With this prescription, we can integrate (32) over 
the continuum states and get the partial decay rate into a single channel; for instance, the ground state 
of the daughter system with probability P0: 
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A correct integration over the unobserved neutrino variables in (41) has to respect the (β,ν)-angular 
correlation factor (36) which enters the recoil energy recE  (40). The variation of recE  near the 
endpoint is tiny [88]. Even for the most sensitive tritium β-decay experiment, the up-coming KATRIN 
experiment, the variation of recE  over the energy interval of investigation (the last 25eV below the 
endpoint) can be neglected and replaced by a constant value Erec 1.72 eV yielding a fixed 
endpoint rec0 EQ=E −  [89].  We can, then, integrate over νtot E simply by fixing it through the δ-
function to the missing energy ,:E)(E=E −0νtot the difference between endpoint energy 0E and 
kinetic energy of the β. Further integration over the angles yields through (36) an averaged nuclear 
matrix element, as mentioned above. Besides integrating over the (β, ν)-continuum, we have to sum 
over all other final states. It is a double sum, one over the 3 neutrino mass eigenstates mi with 
probabilities | |2eiU , the other over all of the electronic final states of the daughter system with 
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probabilities Pj and excitation energies Vj. The latter give rise to shifted endpoint energies )( 0 jVE − . 
Introducing the definition  
(42) 
 
 the total neutrino energy now amounts  to jVε=E −νtot . Rather than in the total decay rate, we are 
interested in its energy spectrum E/ddΓ=γ , which we can read directly from (41) without performing 
the second integration over the β-energy. Written in terms of ε and summed up over the final states it 
reads 
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The Θ -function confines the spectral components to the physical sector 0.>mVε ij −− This causes 
a technical difficulty in fitting mass values smaller than the sensitivity limit of the data, as statistical 
fluctuations of the measured spectrum might occur which cannot longer be fitted within the allowed 
physical parameter space. Therefore, one has to define a reasonable mathematical continuation of the 
spectrum into the region 02 <mi which leads to parabolic χ2-parabolas around 02 =mi  (see e. g. 
[90]). But one may equally well use formulas describing a physical model with the signature of a 
spectrum stretching beyond E0 like tachyonic neutrinos [91] (with the caution, of course, that one 
should not to jump to spectacular conclusions  from significant fit values 02 <mi   instead of carefully 
searching for systematic errors in the data).  
 
Furthermore, one may apply radiative corrections to the spectrum [92,93]. However, they are quite 
small and would influence the result on )(νm e2  only by few percent of its present systematic 
uncertainty. One may also raise the point of whether possible contributions from right handed currents 
might not lead to measurable spectral anomalies [94,95]. It has been checked that the present limits on 
the corresponding right handed boson mass [5,85] rule out a sizeable contribution within present 
experimental uncertainties. Even the forthcoming KATRIN experiment will hardly be sensitive to this 
problem [96]. 
 
 
E)(E:=ε −0
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3.4. Final state spectrum 
Neutrino masses enter the β-spectrum by their square in the second square root term of (43) which 
represents the neutrino momentum. There the mass competes with the total neutrino energy 
jVε=E −νtot . Hence, a sensitive and correct mass measurement requires not only, restriction to 
small νEtot  ,but also precise knowledge of the final state spectrum )V,(P jj . In the case of a free atom, 
this concerns the final excitation of its electronic shell by the decay; in the case of a gaseous molecular 
source, the nuclear recoil excites, in addition, a dense spectrum of vibration and rotation states of the 
daughter molecule. For a condensed source even electronic excitation of next neighbours is not a rare 
process, but has to be considered. At first sight, the dynamics of these final state interactions seem by 
far too complicated to be amenable to precise calculation.  Fortunately, this is not the case for simple 
systems: as the β-particle is very fast, it rarely interacts directly with the shell of its mother atom or 
molecule, represented by a wave function MΨ  and energy ME , but suddenly leaves behind  a 
nucleus with different charge and different eigenstates and eigenvalues of its electron shell 
) ,(
 D D
++Ψ jj E  which have to emerge as final states of the daughter ion. Theory solves this problem by 
the sudden approximation [97] which yields an expansion of the original state in terms of the 
+Ψ j D with coefficients Pj and excitation energies Vj (with respect to the mother) 
 
                                              
| | M+ j DjM+ jj EE=VΨ|Ψ=P −2 D .                                            (44) 
 
For the simplest case of a tritium atom decaying into 3He+ ,the evaluation of (44) is obviously a 
straightforward task. Quite precise results are still obtained for light atoms and molecules by 
numerical means, in particular for T2 and its daughter (3He T)+ [98]. However, these results were 
questioned when early data from Mainz [88] confirmed the large negative )(νm e2  values of the Los 
Alamos [40] and Livermore [35] experiments when being analysed over the same spectral region, 
namely the last 500eV below the endpoint E0 . Furthermore, a new feature was observed. The large 
negative values of )(νm e2  disappeared when analysing much shorter intervals below E0. This effect, 
which could only be investigated by the high luminosity and resolution of the MAC-E filters, pointed 
towards an underestimated energy loss process in the source, or a missing component in the final state 
spectrum at %4 eV, 70 ≈≈ extraextra PV , seemingly present in all experiments. The only common 
feature of the various experiments seemed to be their analysis with the same theoretical final state 
spectrum. Consequently, the different theory groups started to check these calculations in more detail. 
The expansion was calculated to one order further and new interesting insight into this problem was 
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obtained, but no significant changes were found (see [99]) and references therein): Using the improved 
spectrum, instead of the earlier one, would shift )(νm e2  by <1 eV2 in the analysis of typical data sets 
from Mainz or Troitzk. This is still within the limits of the present uncertainties. As to the missing 
component, however, Mainz found, later, a non- trivial experimental explanation through an 
unexpected effect, namely de-wetting of the T2-film from the substrate [100,101,22] (see section 4.4.).  
The calculation by Saenz et al. yields for the expansion (44) a unitarity check of %83.99=∑ jP  
giving high confidence in the result. Their spectrum of final states is used in recent analyses of T2-
decay and is shown in figure 6. The first, restricted group, concerns rotation and vibration excitation of 
(3HeT)+ in the electronic ground state; this spectrum comprises a fraction of Pg=57.41% of the total 
decay rate. It stretches to somewhat more than 4 eV; that is into the unbound 3He + T+ continuum which 
starts at 1,9 eV. Its mean excitation energy is about 1.72 eV for a ß-energy close to the endpoint. The 
same amount of recoil energy is given to the centre of mass motion of the daughter system and is already 
considered here in the value eV 1.720 −Q=E . In solid T2, the recoil may additionally excite some 
phonons. But in sudden approximation, which is quite valid here, the mean overall recoil energy will, 
even then, remain at the energy a nucleus would receive in classical mechanics from a sudden impact in 
the moment of its decay, irrespective of its being bound to a neighbour. Hence the sum of the mean 
excitation energy of the ground state (1.72 eV in the case of T2, see figure 6) and the recoil energy to the 
molecule ( eV 1.722 =)(TErec  in the case of T2) equals the recoil energy of the single tritium atom 
( eV 3.44=(T)Erec ); this also holds for the other hydrogen molecules containing tritium, HT and DT 
[84]. Thus, the effect on )(νm e2  due to contamination of a T2 source by HT and DT is rather small 
[100], 
 
After this first, so-called, elastic group, we observe an important gap in the spectrum up to the first 
excited electronic state of (3HeT)+ at 24 eV. This gap could, in principle, be filled by a (3He,T+)- 
continuum, which starts at the dissociation energy of 1.9 eV. But dissociation at the cost of ß-energy is 
strongly disfavoured in the Born-Oppenheimer approximation. The spectrum of electronic excitations of 
(3HeT)+ sums up to %27≈exP ; it consists of broad resonances decaying into the continua (3He,T+) and 
(3He+,T)  according to their excitation energy, respectively. Flat continuum states (3He+,T+,e), (3He++,T+, 
2e) are populated with about 14% probability, the rest falls to Rydberg states. Quite recently Doss and 
Tennyson [102] have, again,  addressed the problem of the excited (3HeT)+ states  with R-Matrix theory; 
they have confirmed the results of Saenz et al. in detail. Hence, the final state spectrum of the β-decay 
of gaseous T2 is not a matter of concern in evaluating the neutrino mass. 
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Figure 6: Excitation spectrum of the daughter  (3HeT)+ in β-decay of molecular tritium (reprinted from ref [22]). 
The first peak below 5eV comprises the rotation and vibration excitation of (3HeT)+ in the electronic ground state. 
The excitations above 24eV are electronic excitations of the (3HeT)+ ions combined with ro-vibrational excitations 
of the molecule. Above the ionisation limit of 45eV the continuum starts overlapped with some autoionizing states 
(the electronic excitation energy is high enough to ionise the molecular ion ones more, but the excitation energy is 
shared between 2 electrons, thus avoiding the direct ionisation. But, finally, the electronic shell will rearrange by 
emitting an electron.).   
 
 
In solid T2 the sudden appearance of an additional nuclear charge may also excite neighbouring 
molecules by the  need to find a new configuration of local equilibrium. Kolos et al. [104] have 
calculated the chance of this spectator excitation to be approximately 5.9%, which is taken into account 
(with some modification) in the analysis of the Mainz experiment [22, 105]. Moreover, the endpoint 
shifts by +0.88 eV due to the polarisation of the lattice by the charged daughter. Apart from this general 
shift, the final state spectrum of (3HeT)+ is said  not to be changed significantly in the solid phase [101], 
although the ultimate accuracy, which  has been obtained  meanwhile in calculations for  T2 in the 
gaseous phase, cannot be claimed for T2 in the solid phase. 
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3.5 m2(νe)-sensitivity of the ß-spectrum as measured by an electrostatic filter 
Figure 7 shows the last 40 eV of the T2-ß-spectra for vanishing neutrino mass graphically in the form of 
dotted and the dashed lines. The dotted line includes transitions to electronic excitations of the daughter; 
the dashed line shows only the ground state fraction with %41.57g =P . The solid line shows the effect of 
degenerate neutrino masses eV 10=)m(ν=m ei on the ground state fraction. For this arbitrary choice, 
the missing decay rate in the last 10 eV would amount only to 10102 −×  of the total decay rate, scaling 
as )(νm e3 . For the actual limit of 2 eV this fraction shrinks, therefore, by two more decades, and by 
another three decades for the sensitivity limit of 0.2 eV aspired to by KATRIN [39]. 
 
We learn from these numbers that the minute useful high energy end of the spectrum carries enormous 
ballast at lower energies. However, this can be rejected safely by an electrostatic filter which can be 
passed only by electrons with kinetic energy E larger than a potential barrier qU to be climbed. Any 
momentum analysing, e.g. magnetic spectrometer, cannot guarantee this strict rejection as scattering 
events may introduce tails to both sides of the resolution function. Energy sensitive detectors of 
semiconductor type or bolometers, on the other hand, suffer from pile-up events at the necessary total 
decay rates of an order of 109/s.  
 
 
Figure 7: T2- β-spectrum close to the endpoint E0. The dotted and the dashed lines correspond to m(νe) = 0, the 
solid line to m(νe) = 10 eV. In the case of the dashed and the solid line only the decay into the electronic ground 
state of the daughter is considered. For m(νe) = 10 eV, the missing decay rate in the last 10 eV below E0 (shaded 
region) is a fraction of 2·10−10 of the total decay rate, scaling as m3(νe) (reprinted from ref [22]). 
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Actually, the relevant signature of )(νm e2  extends further below the shaded triangle of the missing rate 
in figure 7, namely into the region where it causes an asymptotically constant offset (see figure 7 and 
below). Let us apply a sharp filter in this region which integrates the spectrum for 
energies qU>εE=E 0 − . For small missing energy ε ,we may treat, for the purpose of the following 
discussion, all factors in front of the sum in (43) as a constant Cγ . Moreover, we take into consideration 
within this short interval, for the sake of clarity, only the dominant decay mode into the electronic 
ground state (figure 7). The narrow recoil spectrum is replaced by its mean. Then, from a source of Nnuc 
nuclei, observed with a solid angle the integral count rate s and a background rate e is obtained. 
These should be independent of the filter setting 
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where the energy independent factors on the left have been contracted on the right to the characteristic 
amplitude A. Under practical conditions, the signal rate s integrated over the measurement time t 
separates from the background noise bt  only at missing energies smε >> where ms is the 
sensitivity limit on the mass. There we may develop (45) to first order 
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Next to the leading ε3-term this approximate integral spectrum displays a mass dependent signal as the  
product of the integration interval ε and the weighted squared mass | | 222 i
i
eie mU=)(νm ∑ ; this is the 
signature of the neutrino mass in realistic β-decay measurements as already  anticipated in (24).  
 
The statistical noise on the number of counts b)t+(s  after a measuring time t will be dominated near E0  
by the background and, further below, by the cubic term. The noise of the latter rises like ε3/2 and hence, 
faster than the mass dependent signal. In-between there must be point ε
 opt with optimal sensitivity on 
)(νm e2 ;  it is found at 
 
                                                              bs 2)( opt =ε .                                                             (47) 
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Aided by (46), one can  calculate [106] that measuring at that setting for a time t would yield a statistical 
uncertainty 
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We see that for this optimal choice, the dependence on the background rate is, fortunately, much weaker 
than that on the characteristic amplitude A. For an accepted β-flux of  the order 6·108/s and 
b= 0.015 cts/s
 which are typical numbers for the Mainz and Troitzk experiments, one finds optimal 
sensitivity at eV 15opt ≈ε  and for the uncertainty (48) a value of the order ( ) st //eV10 23  which 
within a period of 10 days, would even  drop to 1 eV2. In an actual experiment, of course, one needs  
quite a number of measuring points within a reasonable interval, in order to check the spectral shape and 
also to fix the other parameters A , E 0 , b  by a 
2
-fit. The multi-parameter fit enhances the uncertainties 
considerably by correlations. Full-fledged simulations of the statistics of a realistic experimental 
procedure show that (48) underestimates the necessary measurement time by about one order of 
magnitude; but they confirm (47) and also the functional dependence of (48). Hence, these equations 
provide valuable guide lines for an experiment. 
 
At a particular measuring point ε, an endpoint uncertainty 0δE  correlates to )(νδm e2 according to 
(46) as 
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Considering that, in the chosen approximation, ε is the total neutrino energy Etot ν, the correlation (49) 
just repeats the general relation (21) and underlines, yet again, the necessity of measuring the neutrino 
mass close to the ß-endpoint. Figure 8 shows that a fitting of simulated experimental data reproduces 
(49) fairly well.  
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Figure 8:  χ2 contour plot to illustrate the correlation between the fitted endpoint E0 and the fitted neutrino mass 
squared m2(νe) from Monte Carlo simulations with conditions similar to the KATRIN experiment [39] for a 
measurement interval of 25eV below the endpoint. Here the mass sensitivity peaks around eVε 5opt ≈  (47). The 
ellipses correspond to 1σ, 2σ and 3σ contours. The 2σ uncertainty of m2(νe) amounts to about ± 0.05 eV2 and 
corresponds to an endpoint uncertainty of ∆E0 = ± 5meV reproducing fairly well (49) for optε=ε (reprinted from 
[106].  
 
 
Instead of fitting E0  together with the other parameters from the data, one could consider using the 
known mass difference of eV 1,218589.8HeT,3 )(=)∆M( [30]. For gaseous T2, one calculates from 
this result an endpoint energy of E0 = (18571.8 ± 1.2) eV (31), which is in good agreement to the 
measurement from a solid T2-film yielding E0 = (18572.6 ± 3.0) eV [88] (including corrections for 
polarisation shift in the T2 film [101] and the electrical potentials of the Mainz experiment).  
The combined uncertainty, however, would cause in the most sensitive region of present experiments, 
i.e. around eV, 15opt =ε through (49) an uncertainty in m2(νe) of about 100eV2. This is far beyond 
present values obtained from inclusive fits.  Regarding voltage measurement, the latter is sensitive only 
to the easily measured small voltage differences in the scan, rather than to the absolute energy scale. 
 
In the meantime, mass measurements with Penning traps have passed the 10-10 level [107], and proposals 
to reach even the 10-11 level of relative mass accuracy are under discussion [108]. Whether absolute 
measurements of the analysing potential will be able to cope with the corresponding 30 meV precision in 
the future is questionable; because this problem not only concerns the high voltage control, but more 
seriously, even the control of source charging by the escaping β’s and of the work function of the 
electrode materials on which the vacuum potential depends. On the other hand, an improved external 
)∆M( HeT,3 -value will be of great help in uncovering, understanding and solving experimental 
problems; such procedures form a constituent part o
 36 
 
Given the fact that E0 came to be fixed from a multi-parameter fit of the spectrum, we look again at the 
correlation (49): Concerning the determination of E0 somewhat larger ε-values should be included, 
because the uncertainty 0δE will de-correlate from )(νδm e2  as 1/2ε . To sum up, there are, in principle, 
three spectral regions from which the basic parameters b, m2(ν e), E0 ,  A are fitted most sensitively and 
with a minimum of cross-talk:  
(i) A region beyond E0 fixing b, 
(ii) A region around ε
 opt fixing m2(νe),  
(iii) A region at somewhat larger ε fixing E0,  A.  
In the region (iii), however, the inelastic components of the spectrum and their uncertainties start to 
matter, which come finally to dominate the systematic error. This concerns predominantly the external 
energy loss which the β-particles suffer in crossing source thicknesses of order 217 atoms/cm 10 (the 
internal excitations were said to be quite precisely calculable by sudden approximation). In this situation, 
we expect there to be an optimal length of the measuring interval at which a proper balance between the 
systematic and statistical uncertainty of the result is reached. In view of the non-trivial energy loss 
spectrum, this optimum has to be found by numerical simulations. Still, we can get some analytical 
insight into the correlation between the uncertainties of endpoint and energy loss by means of a rough 
model which sums up this spectrum into a single component at an average energy loss lossE  with a 
relative amplitude a . In the region under discussion ε > lossE  we may neglect background and mass 
terms and write (46) as 
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In first approximation 1<<a  we then get the following correlation of uncertainties: 
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We see that under (over)-estimation of the mean energy loss lossE and/or its amplitude a  leads to a false 
lowering (lifting) of the endpoint E0 which transfers through (49) further to )(νm e2  with the same sign. 
This mechanism was at the bottom of the unreasonable high )(νm e2 -value claimed by Ljubimov et al 
[25], as well as of the tendency towards unphysical, negative )(νm e2 -values as a function of ε which 
was observed in the early Mainz result [88]. For given uncertainties lossEδ,aδ the only   possibility of 
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reducing  their influence on )(νm e2  lies with an improvement of the signal to background ratio 
allowing a shorter ε-interval. 
 
Finally, we point to another consequence of the quadratic relations (21), (49)  relevant for experiments 
with electrostatic filters. It concerns a spreading δE of the analysing energy around its average E , 
resulting from its instrumental resolution, a ripple on its voltage, etc. The spreading causes a negative 
shift of )(νm e2  with respect to the value which is calculated from the average E  [47]: 
 
( ) ( )( ) 22002 2222 EEEEEEEEEm σδδδδδ −=−=+−=−=                     (52) 
 
Hence energy spreading has to be carefully controlled in order to avoid a systematic error from this 
source. 
 
 
4. Search for neutrino mass by β-spectroscopy with MAC-E-Filters 
Section 3 has made clear that sensitive and uncontaminated search for the neutrino mass in β-spectra 
requires measuring close to a low endpoint with high luminosity as well as with high resolution. Half a 
century ago, Hamilton et al. already  recognised  that an electrostatic filter is well suited to fulfil these 
particular requirements [110]. We start this section by recalling the principal ideas underpinning  their 
method, since it has formal analogy to MAC-E-Filters: Let us consider a β-emitter placed onto a small 
half-spherical substrate of radius r, concentrically surrounded by a half-spherical grid with much larger 
radius R which provided the analysing or filter voltage U (figure 9). The transmitted current is measured 
by an analogue circuit as a function of U. The concentric arrangement allows for a wide solid angle, 
whereas the large ratio R/r guarantees high resolution according to the following elementary calculation: 
The spherical symmetry of the electric field conserves the angular momentum of the β-particle which 
takes the value  ϑϑ sin)( rpL =  for starting angle ϑ  with respect to r. When it passes the grid G2, its 
corresponding transverse energy has been reduced from its starting value, therefore, by the square of the 
radius ratio: 
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The relative width of the filter is then 
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Figure 9: Hamilton’s spherical electrostatic β-spectrograph showing collector P, grids G1 and G2, source S, 
decharging filament F and electron backstop B (reprinted from ref [107] with kind permission). For practical 
reasons the source is a small disk instead of a sphere and the intermediate grid G1 is at source potential; still (54) 
remains valid.  
 
Within that width the transmission drops from 1 at ∆EE=qU −   to 0 at qU=E , according to the 
residual transverse energy (53) as function of ϑ . Realised on a modest scale, the experiment still 
reached a resolution of 0.7% and yielded an upper limit on the neutrino mass m(νe) of 500 eV [112] 
which was competitive at the time. 
 
4.1. Magnetic adiabatic collimation applied to an electrostatic filter (MAC-E-Filter) 
The salient point of Hamilton’s simple concept was the following: Collimation of the particles along the 
repelling electrical field lines was achieved without any solid angle limiting means of electron optics, but 
just by letting them expand to a larger (spherical) cross section at which their momentum space is 
squeezed accordingly. A similar overall collimation effect for an electrostatic filter is reached, in a more 
flexible and more powerful manner, by letting β-particles adiabatically expand into a decreasing 
magnetic field B before they reach the full analysing potential. The magnetic field B has to be strong 
enough at any point in order to confine the particle track to a spiral motion at the cyclotron frequency 
c around a particular B-line, called the guiding centre. This new type of spectrometer is based on early 
work by Kruit [113] and was later re-developed for the purpose of tritium beta spectroscopy 
independently at Troitzk and Mainz [36, 37, 88,114]. The main features of a MAC-E-Filter are 
illustrated in figure.10 
:  
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Figure 10: Principle of the MAC-E-Filter: Two superconducting solenoids produce a magnetic guiding field. The 
tritium source is placed in the left solenoid, whereas the detector sits in the right solenoid. Between the 2 solenoids 
there is an electrostatic retardation system consisting of several cylindrical electrodes. In the so-called analysing 
plane, the minimum of the magnetic field Bmin coincides with the maximum of the electric retarding potential U0. 
The vectors in the lower part of the picture illustrate the aligning of the momentum vector along B in the region of 
low magnetic field by the adiabatic transformation (58) (plotted without electrostatic retardation). 
 
Two superconducting solenoids provide the magnetic guiding field. β-particles, which are emitted from 
the tritium source in the strong field SB  inside the left solenoid into the forward hemisphere with a 
starting angle Sϑ  with respect to B, are guided magnetically into the spectrometer along the B-line at 
which they are born. Those with sufficient energy pass the analysing potential inside the spectrometer 
and are magnetically refocused onto the detector in the right solenoid. In principle, a solid angle of 
nearly 2pi can be transported and, moreover, it can be analysed sharply. The latter statement follows  
from phase space arguments which act here as follows: On their way into the spectrometer the B-field 
drops down by several orders of magnitude to a saddle point minimum Bmin = Ba, the field in the 
analysing centre. Therefore, the magnetic gradient force transforms most of the primary cyclotron energy 
SE⊥  at the source into longitudinal motion along B. This is illustrated at the bottom of figure 10 by a 
momentum vector. In adiabatic approximation, which holds under the condition 
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(with the cyclotron frequency cω ) ,the amount of the angular momentum and hence the product of the 
orbital magnetic moment  
2
2
reω
=µ c      (56) 
 
around B and the relativistic factor γ  is a constant of motion [115]: 
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In non-relativistic approximation, which is reasonably valid in tritium β-spectroscopy, (57) simplifies to 
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B
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The conservation of the orbital magnetic moment BE /⊥=µ  can be understood by the conservation of 
the magnetic flux Φ  through the particle orbit  
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Equation. (59) means, that  the transverse, non-analysable fraction of the particle energy is reduced on 
the way into the analysing centre in proportion to the magnetic field: 
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On the right of (60) we have replaced the ratio of the magnetic fields by the squared ratio of the 
corresponding radii of the total magnetic flux BπR=Φ 2  (which is conserved as well as the flux 
through the particle orbit) showing the identity with (53); this applies also to the relative width of the 
filter. In terms of the fields it reads 
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Note that the width can be easily adjusted to the desired value by choosing the appropriate field ratio. For 
an isotropically emitting source, a simple analytic transmission function is derived from (60) 
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(defined in the interval ( ) EqUBBE sa ≤≤−⋅ /1 ; outside, the transmission is 1 or 0, respectively).  
Thus the transmission function (62) describes an energy high-pass filter. In practise (62) is modified 
somewhat by putting an additional scanning voltage on the source and by providing downstream a field 
maximum Bmax > BS  [22,110]. According to (60), it rejects particles by the magnetic mirror effect which 
have been emitted at angles beyond a certain pinch angle 
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and which have, therefore, suffered too much energy loss in the source.  
 
Figure 11 shows an early example of the N32-conversion lines from a frozen 83mKr-source [116] scanned 
at a resolution of 4102/ −×=E∆E . It shows essentially the transmission function with some rounded 
edges, which correspond to the Lorentzian width of the unresolved N2/3 doublet. The analysis which 
considered a number of corrections for chemical shifts, work functions etc. yielded the nuclear transition 
energy to be eV 1.132151.5 )(=Eγ . The uncertainty is dominated by systematics (the statistical 
uncertainty of the line position from the fit is much smaller). The result agrees well with the recent direct 
re-measurement of the γ-energy yielding eV0.532151.5 )(=Eγ  [117]. The experiment on 83mKr-
conversion lines was meant as a forerunner for the planned T2-β-spectroscopy. As such it checked  the 
feasibility of MAC-E-Filters, including the technique of utilising solid sources from volatile gases at low 
temperature; and also, it has proved to be able to achieve  an absolute accuracy of the order of 1 eV. 
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Figure 11: Scan of the N-conversion electron lines of 83mKr by an integrating electrostatic filter of MAC-E type. 
The full line shows the convolution of a sum of Lorentzians with the transmission function, fitted to the data. 
The Lorentzian components found by the fit are shown by dotted lines. The elastic peak of the unresolved N2/3-
doublet dominates. S(N) represents qualitatively shake up/shake off events (reprinted from [112]). 
 
Before entering the discussion of T2-β-spectroscopy with MAC-E-Filters, we will point out a few more 
basic properties of these instruments. Thanks to strong magnetic guidance (i.e. dominance of Lorentz- 
over electric force) the function of the filter is, fortunately, insensitive to any misalignment between 
magnetic and electric field vectors B, E. This is seen from the adiabatic equations of motion [118]. In 
first approximation the particle follows the encircled field line and its longitudinal energy is controlled 
only by the local electric potential of the filter and the size of the magnetic field; 
 
                                                       )()()(|| rrr BqUEE µ−−= .                                                 (64)  
 
 they define the point of reflection at 0)(|| =rE . Instead of exactly configured vector fields, which are 
required for precise momentum analysis, this energy analysing instrument only demands  that 
U(r)and, to a lesser extent, also B(r)  form flat saddles in the analysing centre of the spectrometer. 
The instruments at Mainz and Troitzk show, in the symmetry plane, radial variations of the order 
410/ −U∆U and %10~/ <∆ BB , respectively; the radial dependencies have to be convoluted into the 
transmission function. 
 
In next order transverse electric acceleration is no longer averaged out by the fast cyclotron motion, but 
leads to a distortion of the cyclotron orbits, which integrates up to a transverse drift u of the guiding 
centre, known as magnetron drift. Also, the curvature of B produces transverse drift terms in second 
order. Summing up all drift terms we get 
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The energy contained in the transverse drift turns out to be negligible in the analysing centre of the 
spectrometer, since all the relevant parameters – electric field, kinetic energies, and relative magnetic 
field gradient – attain minimal values there. Nonetheless, one has to watch E||. If the particle moves too 
fast through a region of low B-field, either because it has too much surplus energy above the analysing 
potential, or because this potential does not stretch far enough into the high B-field region, then the 
general condition of adiabatic motion (55) is violated, and the particle might even be lost  from the 
guiding magnetic flux tube . Setting the Mainz spectrometer to a central field value T 105.7 4−×=Ba ( 
used also for T2-runs), one has observed that the transmission of the high energy conversion lines of 
83mKr around 32 keV started to decrease at surplus energies >500 eV above the filter setting [110]. 
Hence, integration intervals have to be kept sufficiently short. 
 
The MAC-E-Filter may be converted from its usual function as a high pass filter into a narrow band filter 
by running it in a time of flight mode (MAC-E-TOF filter) [119]. The salient point is that the time of 
flight is dominated by the passage through the long central section at full analysing potential where 
particles are slow. This takes, for example, several µs for electrons with longitudinal energy of 10 eV,. 
The high energy cut-off of the transmitted band is then determined by requiring a minimum time of 
flight. This is controlled by pulsing the total transmission (here easily achieved by applying an offset 
voltage to the electron source, which is rapidly switched on and off) and by measuring the time of arrival 
at the detector. Both slopes have equal width given by (61). In a test experiment at the Mainz 
spectrometer the K32-line of 83mKr at 17830 eV was measured in this mode with resulting FWHM of 
only 6 eV and time-averaged transmission of ≈25% in the peak [115]. 
 
4.2. Set-ups at Mainz and Troitsk 
Ideas to build MAC-E-Filters for T2-β-spectroscopy arose  independently at Troitsk and Mainz in the 
1980's, with the aim of checking the positive ITEP claim [25] with an independent method which 
promised higher sensitivity and resolution. A proposal from Troitsk was published by Lobashew and 
Spivak in 1985 [36]. The Mainz group published a technical paper [110] and first physics results with the 
set up on 83mKr-spectroscopy [112] in 1992. Figures 12 and 13 show the set ups in Troitsk [37] and 
Mainz (the latter in the improved version of phase II [22]). Although the instruments differ significantly 
in concept and size, both came up finally with quite similar signal- and background rates.  
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Figure 12: Tritium-Beta-Spectrometer at Troitsk: (l), (2) vacuum tank; (3), (4) electrostatic analyzer; (5) 
grounded electrode; (6), (7), (8), (9) superconducting solenoids; (10) warm coil; (11) liquid-N2 jacket; (12) 
detector; (13) fast shutter; (14) Ti-pump; (15) cold valve; (16) Hg diffusion pump;(17) T, purification system; 
(18) electron gun; (19) argon pump (reprinted from ref. [37] with kind permission). 
 
The main difference lies with the sources. Troitsk chose the ambitious concept of a gaseous T2-source 
which had been pioneered at Los Alamos [34]. T2-gas at 27K enters  the centre of a 3m long source 
section and is pumped out at both ends and re-circulated. The through-put is reduced by narrowing the 
outlets. The magnetic flux has to be contracted there accordingly by raising B from 0.8 T to 5 T, thereby 
also trapping  β’s with pitch angles °> 6.23ϑ  magnetically. Downstream, another differential pumping 
section and a cryo-trap prevent T2 from entering the spectrometer. The beam tube has several bends to 
reduce the tritium flow into the spectrometer, whereas the β-electrons are guided by a series of 
superconducting solenoids. Inside the spectrometer (ø =1.5 m, L =7 m) conical, superconducting coils 
perform an adiabatic field transition from T 8max ≈B  to mT 1≈aB in the analysing central volume. 
The analysing potential was provided by a single central electrode whose fringe field formed a 
sufficiently smooth slope. Ultra high vacuum is mandatory inside the spectrometer because the strong 
electromagnetic fields support Penning-like discharges down to very low pressure. The superconducting 
coils prevented the spectrometer from being baked on the one hand, but on the other hand, they served as 
cryo-pumps at LHe-temperature, maintaining a vacuum of 10-9 mbar. The experiment ran at a source 
column density of about 1017 molecules/cm2, being analysed by a luminosity (= source area × ∆Ω/4pi) of 
0.27 cm2 at resolving power of 5300, typically. 
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Figure 13: Mainz MAC-E-Filter for T2-β-spectroscopy. From left to right: Frozen T2 source; spectrometer with 
altogether 27 electrodes; PIN-diode detector; guiding solenoids S1 – S5 provide the magnetic flux tube within 
which β-particles are guided (reprinted from ref. [22]). 
 
 
In comparison, the Mainz experiment (figure 13) is a fairly small set up, limited by laboratory 
dimensions to a total flight path of 6 m. The source is a film of up to 140 mono-layers T2, shock-
condensed onto a substrate of highly oriented pyrolytic graphite at 1.8 K. A cryo-trap in a single bend of 
the beam protected the spectrometer from evaporating T2. The spectrometer (ø =1 m, L = 4m) is shown 
in  more detail in the lower part of figure 13. Inside, the magnetic field is shaped essentially by the fringe 
fields of the entrance and the exit solenoids. The central field Ba was adjusted by auxiliary coils outside. 
The steep field slopes in front of the solenoids and the short overall length of the spectrometer rendered 
adiabaticity conditions somewhat difficult. It was decided, therefore, to install 2 sets of electrodes with 
potentials decreasing towards the solenoids in order to remove continuously kinetic energy in accordance 
with the transformation (64). The price paid for this precaution was an increased sensitivity for starting 
Penning discharges which prohibited running at the full magnetic design field, in spite of  excellent 
vacuum conditions (<10-10 mbar). For tritium runs the spectrometer was usually operated at a 
combination of high luminosity (up to 0.24 cm2, reached at °≈ 6.61maxϑ ) and reduced resolving power 
(≈ 4000) which together optimized the sensitivity to )(νm e2  [22]. 
 
4.3. Background events in MAC-E-Filters 
Understanding and suppressing background at MAC-E-Filters are non-trivial problems. Under good 
running conditions, Mainz and Troitsk have  achieved background rates down to the order of 10-2 cts/s. 
This sounds quite satisfactory, considering source strengths of order 109 Bq. But the source contributed 
only indirectly to the background (see below) – if at all. Figure 13 shows a typical background spectrum 
from the final phase II of the Mainz experiment, as measured by a silicon diode detector segmented into 
5 rings of 1 cm2 area each. Whether the source was closed off mechanically by a valve or electrically by 
setting the analysing energy beyond the endpoint, did not make any difference in the rate.  
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Figure 14: Spectrometer background spectrum, collected for 13 h on detector segment 3. The perpendicular 
lines frame the accepted energy window for evaluation (reprinted from ref. [22]). 
 
The dominant peak happens to coincide precisely with the analysing potential within narrow error bars. 
Hence it falls right into the evaluation window of accepted events and cannot be discriminated 
energetically from the signal. The position of the peak reveals its origin: It has to stem from electrons 
which are produced at low kinetic energy within the large central section of the spectrometer at full 
analysing potential, and are released from there towards the detector. Consider, for instance, ionisation 
events of residual gas in the analysing centre. The emerging electrons have average kinetic energies 
around 30 eV, and the  probability of the transverse fraction  being smaller than the energy resolution 
( EE ∆<⊥a ) is high. In this case the electrons can pass the magnetic mirror in front of the detector 
immediately and can be accelerated towards the detector.  
 
The ionising particles can be, for example, recoil- or secondary ions from the source which are 
magnetically guided and finally accelerated into the spectrometer. They caused a background rate of 
about 1ct/s in the first attempt to measure a tritium spectrum at Mainz. It was easily eliminated by 
putting some negative voltage on the source which retained them [88]. Ions may also enter the sensitive 
flux tube from some local Penning discharge in the spectrometer or field emission from its electrodes. It 
is well known that traps can be purged  of stored particles by heating them up with rf-pulses. This card 
was successfully played at the Mainz spectrometer for the purpose of suppressing this kind of 
background source – yet in a trial and error approach, lacking knowledge about their precise position and 
characteristics [102]., Troitsk has observed chains of correlated of background events, obviously caused 
by T2-molecules decaying within the spectrometer. The high energy β-particle has a good chance of 
being magnetically trapped in the centre and to perform successive ionisations. At low β-signal rate close 
to the endpoint these chains could be discriminated by their signature of excessive rate within the chain 
[37].  
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Numerous slow electrons at the full potential emerge from the surface of the large central electrodes 
which are hit by cosmic and local radioactivity. But they are born outside the magnetic flux tube which 
crosses the detector; hence they are guided adiabatically past the detector. This decisive magnetic 
shielding effect was investigated at Mainz with an external γ-source, as well as by coincidence, with 
traversing cosmic muons; a magnetic shielding factor of around 105 was measured [120]. Furthermore 
similar checks at Troitsk pointed to 10 times better shielding  [121], which probably results  from the 
better adiabaticity conditions of this larger instrument. In case  the axial symmetry of the electromagnetic 
field configuration is broken (e. g. by stray fields) the transverse drift (65) will have a radial component, 
and it will be  all the faster the weaker the guiding field . This drift can transport slow electrons from the 
surface into the inner, sensitive flux tube within which they are accelerated onto the detector. The effect 
is probably present at Mainz [122]. After finishing tritium measurements in 2001, Mainz developed 
electrostatic  solutions which strengthened shielding of surface electrons by an additional factor ≈ 10. 
This was achieved by covering the electrodes with negatively biased grids built from thin wires 
(Mainz/Münster collaboration [123]). Such grids are now under construction at Münster  for the 
KATRIN-spectrometer also. This measure (in addition to improved adiabaticity) will contribute 
decisively to keeping the background rate from this much larger instrument down to the design level of 
10-2 cts/s [39]. 
 
4.4. Measurements of T2-spectra and discussion of results 
4.4.1. Early results from Mainz experiment 
The Mainz team took data in the period 1991 to 2001 in a rhythm of measuring and R&D phases. First 
results were published in 1993 from a source of 40 monolayers solid T2, kept at 2.8 K during running 
[88]. The analysing potential was periodically scanned between 500 V below and 200V above endpoint. 
Figure 15 shows the results of )(νm e2 and E0 as a function of the lower limit of the fit interval 
El (bottom scale) or of the interval l0 EE=ε −max  (top scale) which has been included in the fit. 
Both observables show an identical down-sloping structure as a function of εmax which proves their 
close correlation according to (49) with a ratio eV 60/ ≈0e2 δE)(νδm . The corresponding ε-value of 
30 eV agrees pretty well with eV 33opt ≈ε , read from the measured spectrum, as the point at which 
the signal is twice the background (see (47)) and where the sensitivity on )(νm e2  peaks. We see that 
with increasing εmax a systematic error in E0 develops which drives )(νm e2  into the unphysical 
negative sector. As shown by the approximate, analytic correlation (51), this signature points to 
underestimation of inelastic events. Simulations show that it would be removed by assuming an extra 
energy loss component at ≈ 75 eV with amplitude ≈ 4%, both parameters being strongly correlated 
[88,103]. Inserting this numerical result tentatively into (51) yields for the widest evaluation interval 
down to eV 500max =ε a downshift of the endpoint by eV 2.5− , which is about the number one 
reads from the plot in figure 15. The corresponding unphysical )(νm e2 -value of about 
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42 /ceV 120− happens to match within uncertainty limits the Los Alamos result of 
2eV 4168147 )±±( − obtained from the same spectral interval [40]. This coincidence aroused 
suspicion about the theoretical final state spectrum in T2-decay which has in the meanwhile been fully 
cleaned out (see section 3.2). Hence, all the experiments with negative )(νm e2 -values shown in 
Figure 1 apparently seemed to carry some hidden external source of energy loss.  
 
In view of this situation, the Mainz group decided, first of all, to discard the contaminated results at 
large ε and to restrict the interval of accepted data to eV 137≤ε (see figure 15) where the observables 
)(νm e2 and lE  do not depend on the fit interval maxε and the uncertainty of the respective result 
( ) 2syststat2 eV 153439 ±±=)(νm e − still touches the physical sector. Following the Bayesian 
approach one derives from this value an upper limit of eV 7.2<)m(νe at 95% C. L.  
 
 
 
Figure 15: First results from T2-β-spectroscopy with a MAC-E-Filter. The observables, mass squared (a) as well 
as endpoint (b) still suffer from a dependence from the lower limit El of the fit interval. The left broken line 
indicates the optimum fit interval at which the total mass squared uncertainty is still independent of the fit 
interval and still includes zero. (The correction of the electric potential (-2.2eV) was not applied to the endpoint 
energy E0 plotted here) (Reprinted from ref. [88]). 
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Calibration of the instruments measuring the retarding potential of the spectrometer allowed an 
absolute determination of the endpoint energy being 
eV)±(=eVeV)±(=E 0.618572.62.20.618574.80 − (see figure 15) and (by using (29) and 
(30)) of a mass difference being 23 eV/c 318591He )±(=)m(m(T) − in agreement with current 
values [29,30,33,40]. On the other hand, the insight gained into the interplay between parameters 
indicated clear tasks to be tackled: 
• Search for hidden sources of energy loss 
• Re-measure the energy loss spectrum in molecular hydrogen in order to reduce its uncertainty 
• Improve the signal rate to enable determination of E0 from shorter ε-intervals and to reduce 
thereby its dangerous correlation (51) to energy loss uncertainties. 
• Improve signal to background ratio in order to shift the region of maximum m
2
e -
sensitivity closer to E0 and to reduce thereby the correlation (49) to endpoint uncertainty.  
 
4.4.2. Early results from Troitsk experiment 
The Troitsk group was the first to achieve really high statistics data in 1994 [37], collected with a 
signal rate roughly 10 times that of the early runs at Mainz [88].The integral spectrum was measured 
with settings of the analysing energy from 400 eV below to 100 eV above endpoint. Data points close 
to the endpoint are shown in figure 16. A background of 0.015 cts/s is subtracted. The analysis showed 
that the data collected at eV 250~>ε  were also contaminated by some excessive energy loss which 
could be represented by an extra component between 100 eV and 150 eV with amplitude of several 
percent. Hence these data were not considered further. The analysis of shorter integration intervals 
down to eV 55max =ε yielded pretty stable fit values, varying by only eV 0.3± for E0 and 
2eV 5± for )(νm e2 ; however, the central value of the latter at about 2eV 25− still falls significantly 
into the negative sector.  This fact correlates to a small step-like shoulder in the spectrum of figure 16. 
If one introduces step position and size as additional free parameters, the fit places it at eV 7≈ε  with 
amplitude of cts/s 0.0025 ; moreover, the negative )(νm e2  vanishes within the error bars. For a data 
interval down to eV 220≈ε the total uncertainty minimizes yielding the result 
22 eV 10.94.1 )±(=)(νm e − from which the authors derive an upper limit of eV. 4.35<)m(νe  Of 
course, the step parameters do strongly correlate to )(νm e2 and enlarge the uncertainty of the latter . 
Note also that due to the integrating transmission function of a MAC-E-Filter such a step has the 
signature of a small, mono-energetic line in the original spectrum for which, however, no simple and 
reasonable origin could be traced. The higher signal rate at Troitsk has led to a significantly improved 
mass limit, but it still carries a tiny residual spectral distortion of unknown origin, which has to be 
eliminated by the fit in a phenomenological manner which is not wholly satisfactory.  
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Figure 16: Integral T2-β-spectrum close to the endpoint measured by the Troitsk experiment (linear plot (left), 
linearized Kurie-plot (inset) (b)). V is the spectrometer retarding voltage; The open circles (1) represent the 
experimental spectrum. The lines (2-5) describe fitted curves using different variables:  The solid line (2) 
includes step position and size as free variables, the dashed line (3) has no step, the dashed-dotted line (4) is the 
solid line (2) with the fitted step function subtracted and the dotted line (5) is equal to the fit without step 
(compare to line (3)) but with neutrino mass fixed to zero (reprinted from ref. [37] with kind permission). 
 
 
4.4.3. Side experiments and improvements 
On the one hand, the important gain in sensitivity and resolution achieved with MAC-E-Filters  
already led  in the first round of experiments to a reduction of statistical uncertainties of )(νm e2  by a 
large factor; on the other hand, it revealed residual systematic problems of the experiments on a finer, 
so far inaccessible scale. The latter had to be tackled in the next round.  
 
As the calculations of final state excitation in T2-decay have been proven to be exact (see section 3.4.) 
the origin of the extra energy loss components observed at Mainz and Troitsk has to be sought in the 
sources themselves. The Mainz group got the decisive hint that solid hydrogen films may dewet from 
their substrate even at LHe-temperature and contract from a shock-condensed, amorphous film into 
small crystallized islands [124]. The crystals grow up to size of (0.5 – 1) µm [125] at which double 
scattering of the β-particles prevails, each with an average energy loss of (34.4 ± 3) eV [126]; this  
observation may explain the position of the extra component at 75 eV qualitatively[88]. Mainz was 
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forced, therefore, to investigate the problem systematically as a function of temperature and isotopes. 
This was accomplished with the (already in place) laser diagnostics for ellipsometric control of the 
average film thickness, but at this point looking for  the scattered instead of the reflected light. 
Scattering appears when the crystal size approaches the optical wavelength. Films were condensed on 
various substrates at temperatures down to 1.6 K (achieved by a new cryostat); thereafter they were 
warmed up  to a fixed temperature, at which stage dewetting was observed as a function of time 
through the signature of increasing Rayleigh/Mie-scattering from the growing crystals. Dewetting 
occurred with any of the chosen substrates at K 3~>T  [98]. The observed dewetting dynamics (see the 
example of D2 in figure 17) could be quantitatively analysed and fitted in terms of a surface diffusion 
model with an activation energy of 45 kB K for T2 [99]. From this number one can derive a dewetting 
time constant > 1y at the operating temperature of 1.8 K used in later runs. Indeed, the extra 
component no longer appeared [22,102]. 
 
An explanation of the extra energy loss component observed at (100 - 150) eV in the Troitsk 
experiment has been given in [127]. β-particles emitted at pitch angle o6.23smax, => ϑϑ  are 
magnetically trapped (63) within the gaseous source ( T=Bs 0.8 ) by the neck of the magnetic flux 
( T=B s 5max, ) at both ends (see Figure 12). They may, however, have a certain probability to be 
scattered into the transmitted solid angle o4.18max =< ϑϑ  defined by the field ( T=B 8max ) at the 
spectrometer entrance; then they  leave the source with enhanced energy loss according to the extra 
flight path performed in the source. 
 
 
 
 
Figure 17: Temporal rise of stray light intensity from dewetting and hence roughening, frozen D2-films 
measured at different temperatures 3.8 K, 4.0 K, 4.4 K. The temperature was raised from 1.6 K to the dewetting 
temperature at 330 s and raised  further to a desorption temperature T > 5 K later. The temperature dependence 
of the dewetting rate follows  Arrhenius' law. At 4.4 K slow desorption already competes  with dewetting 
(reprinted from ref [99].  
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The first results from Mainz and Troitsk have been evaluated using literature data on energy loss 
spectra of energetic electrons in gaseous hydrogen. It was felt that further improvement should include 
re-investigating energy loss in the sources. To that end, dedicated experiments were performed at both 
spectrometers of which the results have been published in a joint paper [122]. Troitsk passed a mono-
energetic electron beam from a gun through the gaseous T2-source at energy somewhat above E0 such 
that the β-spectrum did not interfere. Figure18 shows the transmitted beam for various source 
pressures as a function of analysing energy. With a lowering of  the analysing energy (filter potential, 
retarding energy), the spectrometer starts to transmit electrons at about 18,644 keV (17.828 keV) in 
the Troitsk (Mainz) case. About 10 eV below this onset of transmission, the count rate stabilizes at a 
plateau representing those electrons, which have not undergone inelastic scattering (“no loss fraction”) 
The second rise integrates the energy loss spectrum up to the second plateau at full transmission which 
is practically reached at 100 eV energy loss. At given column density of the source, the ratio of the 2 
plateaux is a measure of the total inelastic cross section. Corresponding data for condensed sources 
were taken at Mainz in a similar fashion, except that instead of an electron gun the 17.83 keV 
conversion line of 83mKr served as source (see figure 18); it was condensed on a graphite substrate and 
then covered by a shock condensed D2-film [122] (Warming up this film to about 4 K provoked 
dewetting and thus allowed  the enhanced energy loss in the dewetted phase of the film to be observed 
directly [99]).  
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Figure 18: Integral energy loss spectra of monochromatic electrons passing the gaseous T2-source of the Troitsk 
experiment (left) and of 83mKr conversion electrons passing a quench condensed D2-film of the Mainz 
experiment (right) as measured by the MAC-E-Filters as a function of the filter potential energy. For the Troitsk 
spectra T2-pressures of (0, 0.3, 0.48 and 0.6) torr were used for the spectra 1 – 4 respectively. At Mainz the D2-
film thicknesses were determined by laser ellipsometry to be zero (filled circles), 3.9 molecules/Å-2   (open 
circles), 7.7 molecules/Å-2   (filled squares) and 14.3 molecules/Å-2   (open squares), respectively (reprinted from 
ref [122]). 
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To generate an energy loss spectrum from these data by de-convolution would be a somewhat ill-
posed problem in the region of sharp rise due to competition by the width of the transmission function 
as well as by the shake-up/off satellites of the 83mKr conversion electron line. Instead, the spectrum 
was composed of trial functions – one for the peak of molecular excitation, the other for the tail of 
ionisation (figure 19) – whose parameters were least squares fitted to the measured transmission curve. 
Troitsk and Mainz used somewhat different trial functions to account for the modifications due to the 
solid state effects in case of the Mainz quench-condensed D2 film (see below). Their details, like the 
unphysical kink at the matching point in one of them, for example, don’t really matter, once they are 
folded with the transmission function and the continuous β-spectrum. What does matter, however, are 
their mean position and width, and their total area. Here we observe significant differences between 
the gaseous and the condensed phase. The peak of molecular excitation shifts from eV 0.312.6 )±(  to 
eV 0.714.1 )±( , and the total inelastic cross section from 218 cm100.073.40 −×)±(  to 
218 cm100.162.98 −×)±( . These findings agree well with quantum chemical calculations, reported 
and comprehensively discussed in [122]. The principal reason for these shifts is partial Pauli blocking 
of phase space of the excited molecular wave functions by its neighbour molecules. 
 
 
Figure 19: Normalised energy loss functions of 18 keV electrons in gaseous T2 (dotted line) and condensed D2 
(solid line) fitted to integral energy loss spectra measured by the MAC-E-Filters at Troitsk and Mainz. Dashed 
lines correspond to 1  standard deviation of the fitted line width of the principal energy loss peak in the solid 
phase (reprinted from ref [122]). 
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Figure 20: Self-charging of frozen T2-films by β-decay. Shown is the energy shift of the 17.83 keV conversion 
line of 83mKr condensed on top of a tritium film as function of its thickness. The labels mark results from 
dedicated test experiments (T1-T4) and from old films (Q2, Q5, Q8) taken at the end of long term β-spectroscopy 
runs, respectively (reprinted from ref. [125]). 
 
 
Yet another, so far unknown, feature of solid T2-films had to be cleared up in a side experiment, before 
the final phase of β-spectroscopy was resumed. It concerns a downshift of the endpoint, which was 
observed at Mainz initially  for a very thick T2-film of 284 monolayers. But it was definitely not 
caused by excessive energy loss; rather it reflected a positive self-charging of the insulating T2-film by 
β-decay [131,132]. The phenomenon could be investigated quantitatively by spectroscopy of the 17.83 
keV conversion line of 83mKr. To that end 83mKr was condensed on top of T2-films of various 
thicknesses, or sandwiched somewhere inside the film, and its energy measured by the MAC-E-Filter. 
 
Figure 20 shows an essentially linear downshift of the 83Kr-conversion line as a function of the 
distance of the source from the conducting graphite substrate corresponding to a constant field strength 
of about |E| ≈ 20 V/monolayer as for a co-planar capacitor. This observation lends itself  to an 
explanation in terms of a 'hopping model' of charges, trapped at their lattice site by a potential 
0φ which is degraded in one and upgraded in the other direction by the electric field. Starting from 
Frenkel’s law for the hopping frequency ν over a trapping potential φ0 
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one derives that the hopping frequencies in opposite directions to an applied electric field E differ by 
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where Hz10120 ≈ν is the vibrational frequency at a lattice site and g is the lattice constant. At 
K 2≈T the dependence of the first exponential of (67) on E  gets extremely steep when the 
exponent approaches zero. This defines a kind of breakthrough field at which the film becomes 
conductive and up to which it charges asymptotically. Also, the dynamics of this model have been 
worked out and found to agree with the observed time dependence of self-charging. The trapping 
potential was determined to be K)k±(=φ B81750 . Backed by this knowledge, the effect of self-
charging could be folded into the fit function of β-spectra which allowed the use of  T2-films 4 times 
thicker than in the first round of experiments [22].  
 
Apart from the new, upgraded source section, the Mainz set up was  altered in several respects 
concerning background reduction.  As for the gaseous sources, a cold bend was introduced into the 
transport line (see figure 13) serving as a baffle where T2 evaporating from the source was retained on 
amorphous graphite at liquid helium temperature. This measure removed any source-related 
background. Furthermore, the electrode system was redesigned in  part and its tendency to destabilize 
background conditions by traps and/or field emission repressed. Automation and an alert system 
allowed  the experiment to be run  essentially in a stand alone mode for several weeks [22]. 
 
4.4.4. Phase II of T2-spectroscopy at Mainz and Troitsk 
The upgraded Mainz experiment came up with signal and background rates quite similar to those at 
Troitsk. It took data in the years 1997 – 2001. The gain in sensitivity is evident when comparing the 
two spectra in figure 21 taken before and after improvement, respectively [102]. In particular, Mainz 
was now also sensitive to the minute step-like anomaly which continued to occur in the Troitsk spectra 
close to the endpoint. 
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Figure 21: Integral T2-β-spectrum near the endpoint E0 from the first high statistics run with the improved Mainz 
set up (dots) compared with earlier data from 1994 (circles). The effective endpoint E0,eff considers the 
convolution with the response function (72) and the rotation-vibration spectrum of the electronic ground state of 
the 3HeT+ daughter molecule. The line shows a fit to the data for 0)ν( e2 =m  over the interval shown (reprinted 
from ref [102]).  
 
In 1999 both groups published in parallel results from their enhanced data sets: 
 
         eV 5.2)ν(eV )2.24.39.1()ν( e2syststate2 <⇒±±−= mm  (Troitsk [23])            (68) 
        eV 8.2)ν(eV )1.23.57.3()ν( e2syststate2 <⇒±±−= mm         (Mainz [102]).           (69) 
 
Figure 22 shows results of )(νm e2  as a function of the evaluated interval for the sum of Troitsk data 
for the period 1994 – 1998 [23] (left panel) and for the single runs Q4 and Q5 in 1998 from Mainz 
[102] (right panel).  
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Figure 22: Dependence of  )ν( e2m  from lower limit of fitted data interval for the sum of runs 94, 96,97/2, 98 
from Troitsk [23] (left panel) and runs Q4, Q5 from phase II of running at Mainz [102] (right panel). The Troitsk 
data have been fitted once without step function (dots), once with additional parameters for step size and 
position, which were fitted to the data run-by-run (circles). In case of the Mainz data dots indicate m2(νe)-values 
(left scale) and circles 2redχ -values of the fit (right scale) (reprinted from [102] and [23] with kind permission). 
 
The before mentioned effect of enhanced energy loss by trapping and scattering in the source has now 
been considered in the fit of the Troitsk data. One can see from the plots that this measure has 
stabilized the fit results for long fit intervals as well. In case of the full dots, a step-like anomaly in the 
Troitsk data was ignored. Then – in the average over all runs – a significant negative value around 
2eV 12− is observed for all evaluation intervals with relevant statistical accuracy. As in 1994 this 
down shift into the unphysical sector can be removed when the fit of individual runs is performed with 
2 more parameters for position and size of the step. Note that position and size of the anomaly vary 
from run to run. The problems connected with this correction are discussed in [23]. It is clear that the 
step parameters strongly correlate to )(νm e2  as demonstrated by the two plots in figure 22 (left). The 
correlation enlarges significantly the uncertainty of )(νm e2  resulting from the fit. It is argued by the 
Troitsk group that this enlargement also covers the systematic uncertainty which could possibly stem 
from the fact that structure and origin of the anomaly are a priori unknown. For runs exhibiting a step 
quite close to E0 the fit could not discriminate the signature of )(νm e2  from that of the step within 
uncertainty limits and the respective fits do not  converge. These runs had to be discarded from the 
evaluation.  
 
Results from the improved Mainz set up no longer showed the strong drive towards negative )(νm e2 , 
although source films 4 to 7 times thicker than before were used; this proves that energy loss and self-
charging are now well under control. Figure 22 (right) shows )(νm e2 -plots as a function of the 
evaluation interval from two long production runs performed at Mainz in 1998 [102]. In addition, the 
open circles on the right scale show the corresponding 2redχ -values of the fit. For run Q5 one finds 
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)(νm e2  to be close to 0 and 2redχ  close to 1 at all evaluation intervals. For run Q4, however, )(νm e2  
falls still slightly into the unphysical sector, comparable to the uncorrected Troitsk values of figure 22 
(left). Also 2redχ -values of up to 1.8 are not satisfactory considering the number of degrees of freedom 
of about 30. In fact, the residues evidence a form of step-like deviation from the fit function with 
parameters in the range also observed at Troitsk.  The data from the earlier runs  in Q2 and Q3 also 
showed similar residual problems, yet these residues did not exhibit a clear step-like signature. Mainz 
tried different methods to account for the residual anomalies in the fits; they led  to )(νm e2 -values 
close to zero within narrow error bars [102]. However, there was still the “clean” result from run Q5. 
This run differed from the  previous ones in that it was the first during which the background was 
reduced and stabilized by expelling trapped particles through an rf-pulse every 20 s (see section 
4.4.3.). Working under the hypothesis that the anomaly is an effect of the apparatus which can be 
suppressed by certain measures, Mainz took the purist decision to discard contaminated data sets 
rather than to correct them. Hence the above quoted Mainz result (69) was based just on the Q5 run. 
The runs Q6, Q7, Q8 ,following run Q5, were performed under the same conditions  regarding 
preparation of the set up before the measurement (out-baking and conditioning) and during the 
measurement (applying rf-pulses in short measurement interruptions every 20s to expel trapped 
particles). Additionally, objective criteria (like 2χ ) were used to reject suspicious sub-runs. Altogether 
the results of these runs were completely stable in the critical observables )(νm e2 and E0 with respect 
to the fit interval and exhibited good 2χ   [22] (see figure 23). 
 
 
Figure 23: Dependence of  )ν( e2m  (filled circles) and 
2 (open circles) from lower limit of fitted data 
interval for the three Mainz runs Q6, Q7, Q8 of 1999 which were performed after the same careful out-baking 
and conditioning and with the same rf-pulsing in measurement pauses every 20s as Q5. The inner error bar 
indicates the statistical uncertainty only, whereas the outer error bar shows the total uncertainty (reprinted from 
[133]). 
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4.4.5. Troitsk-anomaly 
It was always stated by authors and observers that the residual anomaly in the Troitsk spectrum is 
likely to be an apparatus effect. However, its origin is anything but easy to identify at  a level of 10-10 
of the full beam intensity which enters the spectrometer. As mentioned above, Mainz has introduced 
an active measure to repress such anomalies  (intermediate rf-pulses which expel trapped charges from 
the spectrometer). In the last running period in 2001, it was found that runs Q11 and Q12 which were 
preceded by quite extensive baking and conditioning of the spectrometer showed a very low and stable 
background of 0.012 cts/s ; this residual background rate could no longer be manipulated  by rf-pulses. 
Also in these cases the anomaly was no longer present  [22]. Although the mechanism of the excess 
background rate has not been cleared up in any detail, two decisive practical lessons have been learned 
for the Mainz set up: (i) the source of the effect are slowly charging Penning traps; (ii) the Penning 
plasma does not develop after the spectrometer has been properly baked and conditioned. 
 
Tentatively taking  the effect  as a new physics phenomenon, on the other hand, a spectral line on the 
β-spectrum can only be produced by capture from a surrounding, dense neutrino cloud. A line position 
below the endpoint would indicate negative neutrino energy due to some long range weak potential. A 
model, not being in conflict with existing knowledge, was worked out by Stephenson et al. [134]. It 
was mandatory to check this possibility in spite of its meagre prospect  of becoming true. As  the 
effect, as measured in Troitsk, apparently happens to fluctuate strongly in time, Mainz could have 
missed it during its “clean” runs. The judgement  in favour of an apparatus effect was brought about in 
December 2000 by running in parallel at Mainz and Troitsk. The result of the step search at both 
locations is shown in figure 24 [22,135]. In order not to miss small steps by correlated fit uncertainties, 
the number of fit parameters is minimized, i.e. )(νm e2  is fixed to 0 (for 2 out of the 3 fits shown) and 
fits are performed for a chosen set of fixed step positions. One then looks for a significant reduction of 
χ2 as function of the chosen step position. The Troitsk result in plot a) shows a very significant χ2 drop 
of up to 10 units at 18553 eV with a correspondingly large fit value of the step amplitude of 0.012 
cts/s (plot b)). However, the χ2-plot c) of the parallel data set from Mainz displays only statistical 
fluctuations. Therefore, the Troitsk anomaly seems to be an experimental artefact of the set up, whose 
origin is not yet fully understood . 
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Figure 24: Analysis of a search for a step-like anomaly in parallel measurements in December 2000 at Troitsk 
(left) and Mainz (right). Each point in the upper left and right results from a fit to the data with a step position 
fixed to the respective energy. File 66-122 (left) from Troitsk shows a very significant drop χ2 by 10 units at 
18.554 keV with correspondingly large fitted step amplitude of 14 mHz (lower left). In contrast the χ2-plot of the 
Mainz data is quite flat at that energy, and the overall fluctuations by 1± unit correspond to a normal statistical 
behaviour (reprinted from [22]). 
 
4.4.6. Final results  
From the 11 production runs performed with the improved Mainz set up, 6 were selected for the final 
evaluation. The selection criteria were mainly temporal stability, and self-consistency of the runs, as  
some runs  suffered from  unfavourable experimental and unstable background conditions [22]. These 
selected data sets represent 217 days of running. The data from each run were fitted separately to a 
function )(UF  which is a convolution of a spectral function  and the response function 
U)ε,(ET'=U)(E,T' −0  plus constant background rate b: 
 
                                          bUETUF
E
eU
+−= ∫
0
d),(')(')( 0 εεεγ .                                                     (70) 
 
The spectral function is essentially the β-spectrum (43), simplified by contracting all constant fore 
factors into the amplitude A and the neutrino masses into the mean squared mass )(νm e2 :  
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The response function is a convolution of the exact transmission function of the spectrometer [110] 
(approximately given by (62)) with 4 correction functions for energy loss, source charging, 
backscattering from the substrate, and energy dependence of the detection efficiency 
 
                                             detbackchargeloss' ffffTT ⊗⊗⊗⊗= .                                           (72) 
  
Each carries its particular systematic uncertainty. Since lossf is the dominating correction, T’ is quite 
similar to the transmission curves shown in figure 18. 
 
Issues of statistical and systematic uncertainties are discussed in detail in [22].  Figure 25 shows on the 
left the parabolas of )(νm e2  versus χ2 which result from fitting each individual run. From the width 
of their sum (which is narrowed by summation),  the statistical uncertainty of the final result was 
determined. On the right, all relevant uncertainties are plotted as a function of the evaluation interval. 
Whereas the statistical uncertainty decreases with the interval length, all systematic uncertainties 
increase. Uncertainties of energy loss dominate. Open squares result from the uncertainties of the total 
inelastic cross section (5.4%) and of the determination of film thickness by ellipsometry (3%). In 
addition to its geometrical thickness, a density reduction of the amorphous film with respect to the 
crystal phase by 6.8% has been determined by ellipsometry via a corresponding drop of refraction 
index. This is considered in calculating energy loss. Stars represent the energy loss uncertainty 
stemming from an additional H2-coverage which condenses in the course of running at a rate of about 
0.3 monolayer/day from the rest gas on top of the T2-film. This effect was also traced by ellipsometry 
and was found to accord to a slight down sloping of fitted )(νm e2 -values with increasing source age. 
The respective correction has also been entered  into the uncertainty budget in a conservative manner  
at full size .  
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Figure 25: )ν( e2m -uncertainty of the final Mainz result. On the left, the χ2-parabolas of  )ν( e2m -fits for each 
individual run, as well as their sum (circles), is shown. The fit intervals are restricted to a lower limit of 75 eV 
below E0. On the right, the individual and the geometric sum of uncertainties are shown for the joint data set, 
calculated for different lengths of the data interval. The line with crosses shows the geometric sum of systematic 
uncertainties, the line with stars gives the statistical uncertainty showing opposite slope. The upper most line 
shows the total geometric sum of uncertainties which attains a minimum at 18500 eV (75 eV below E0) 
(reprinted from ref [22]). 
 
Particular attention has been paid to prompt neighbour excitation (open circles) which already has 
been mentioned in section 3.4. .  Kolos’ calculation of  Pne = 5.9% excitation probability is certainly 
based on good semi-empirical grounds; but a check of this number by quantum chemistry calculations 
is still missing. If one considers, in a qualitative manner, the porosity of the film as well as the 
reduction of excitation by Pauli-blocking (section 3.4.), Pne shifts down to 4.6%. On the other hand, an 
independent determination from the data itself was tried by fitting Pne as an additional free parameter 
from the full data set down to eV 170=ε which has maximum sensitivity to energy loss. The 
resulting contour plot of χ2 in the (Pne , )(νm e2 )-plane (see figure 26) yielded the very satisfactory 
result 2e2ne eV )30()ν(  ,%6.1%5 ±=±= mP . This Pne-value was then used as a fixed parameter in fitting 
restricted intervals where energy loss contributes much less, taking consistently  into account its 
uncertainty and its correlation to the energy loss parameters during the fits. This operation  had only a 
marginal influence on the final result; primarily though it  reinforced confidence in assigning adequate 
systematic uncertainties to this effect.  
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Figure 26: Shown are contour plots of ( ))(νm,Pχ e2ne2  at 1σ, 2σ and 3σ around its minimum value at (0.05, 
0eV2) (reprinted from [22]). 
 
The excitation spectrum of the daughter molecule (3HeT)+ shifts upwards slightly in solid T2 with 
respect to the gaseous phase for the same reasons as discussed above for neutral T2. Saenz has 
estimated shifts of 0.8 eV for the second and 1.4 V for the third group of excited states; the first group 
hardly shifts [136]. These shifts have been considered and have also been fully entered into the 
uncertainty budget. 
 
The geometric sum of all uncertainties, i.e. the total uncertainty of the final Mainz result, reaches a 
minimum for a data interval stretching to eV 75≈ε . From that choice one obtains [22] 
 
              C.L. 95%at  eV 3.2)ν(eV )1.22.26.0()ν( e2syststate2 ≤⇒±±−= mm               (73) 
 
The observable )(νm e2  is fully compatible with the physical limit 0. The upper limit is calculated 
from these numbers according to the unified approach. 
 
The latest results from Troitsk were  communicated in 2003 [137]. The problem with step-like 
anomalies has persisted. Runs showing a step closer than 8 eV to the endpoint were excluded because 
the correlation between step amplitude and )(νm e2 was too strong as mentioned above. Rather large 
steps of around 20 eV below E0 have been observed in the latest runs; these runs have also been 
rejected. In total about half of the data was included in the final evaluation. 
 
The following systematic uncertainties are of )(νm e2  are quoted:  
Energy loss                                                   1.2 eV2       
Transmission function                                  0.5 eV2   
Final states of daughter                                0.7 eV²        
Possible space charge in the source             1.0 eV2
 64 
Together with some other small items the geometric sum up is 2.0 eV2. The presence of steps enlarges 
through correlations the uncertainty in fitting )(νm e2  by 1.5 eV2 which is included in the total fit 
uncertainty of 2.5 eV2. Again it is argued  that this enlargement also covers the systematic uncertainty 
which could possibly stem from the fact that structure and origin of the anomaly are a priori unknown. 
This statement may apply qualitatively; but it cannot apply in general and its validity in the given case 
has not been demonstrated. The final result from Troitzk is communicated to be [129] 
 
             C.L 95%at  eV 05.2)ν(eV )0.25.23.2()ν( e2syststate2 ≤⇒±±−= mm .       (74) 
 
The central value of (74) lies in the negative sector at -0.7σ (with 2systσ+σ=σ 2stat as usual). The 
upper mass limit is lowered somewhat by this circumstance. 
 
 Alternatively, the )(νm e2 -results may also be interpreted in terms of the so called sensitivity limit, 
defined simply as the square root of the 2σ-value of the experimental )(νm e2 -value, irrespective of its 
position. This limit is calculated from (73) and (74) to be 2.46 eV and 2.53 eV, respectively. 
 
The Particle Data Group  published in 2006 [5] an upper limit of eV 2<)m(νe as we have stated in 
the introduction  (1). The limit is said to be based on the final result (73) from Mainz in 2005 and from 
the Troitsk result (68) in  1999 (which is the latest  published as a regular journal paper). From the 
physics point of view, there is no need to discuss the subtle differences in calculating and presenting 
these upper limits any further. Here the primary results on the observable )(νm e2 , (73) from Mainz 
and (74) from Troitsk, have to be emphasized. It is remarkable how close they come to each other, in 
spite of the quite different source concepts upon which they are based  and the experimental problems 
connected to them. It is also clear that both experiments have virtually exhausted  their potential at this 
point  with respect to statistical accuracy. 
 
 
 
5. Preview on forthcoming experiments. 
 The Troitsk group is reconstructing its apparatus in part in the meantime [138]. A larger spectrometer 
vessel of 2.2 m in diameter will improve resolution. A major aim of this next phase of the experiment 
is tracing and eventually eliminating the sources of the step-like anomaly. A measure from which its 
result would certainly profit. 
 
At a meeting in Erice in 1997 preliminary ideas for next generation experiments on tritium β-decay in 
search for the absolute neutrino mass were presented by  Troitsk [139] and by Mainz [124]. More 
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details on the latter have been published by Bonn et al. [115]. With the discovery of neutrino 
oscillations in 1998 [11] the discussion gained momentum. Motivated by a long record in neutrino 
physics through the GALLEX- and KARMEN-Experiments [14,75]and backed by the presence of a 
dedicated tritium laboratory on site, the Forschungszentrum Karlsruhe decided to get involved in the 
plans for a new neutrino mass experiment. It was named KATRIN and is described in the following 
section. 
 
5.1. The Karlsruhe Tritium experiment on the neutrino mass (KATRIN)  
From a workshop in Bad Liebenzell in 2001  a letter of intent for the KATRIN-Experiment [38] 
emerged  from close collaboration of group members from the earlier neutrino mass experiments at 
Los Alamos (now at University of Washington, Seattle), Mainz, and Troitsk with Forschungszentrum 
Karlsruhe. A design report [39] was approved in 2004. Construction of the experiment is under way 
and expected to be completed  in 2010. The experiment aims at an improvement of the sensitivity limit 
by an order of magnitude down to eV 0.2<)m(νe to check the cosmologically relevant neutrino mass 
range and to distinguish degenerate neutrino mass scenarios from hierarchical ones. Furthermore,  
Majorana neutrinos  sufficiently massive to cause the double β-decay rate of 76Ge which part of the 
Heidelberg Moscow collaboration claims to have observed [68] would be observable in the KATRIN 
experiment in a model independent way. The true challenge becomes clear by drawing attention to the 
experimental observable )(νm e2  whose uncertainties have then to be lowered by two orders of 
magnitude.  
 
 
 
Figure 27: The KATRIN main spectrometer passes through the village Leopoldshafen on its way from the river 
Rhine to the Forschungszentrum Karlsruhe on November 25, 2006 (printed with kind permission from 
Forschungszentrum Karlsruhe). 
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Figure 28: Schematic view of  the 70 m long KATRIN experiment consisting of calibration and monitor rear 
system, windowless gaseous T2-source, differential pumping and cryo-trapping section, small pre-spectrometer 
and large main spectrometer, segmented PIN-diode detector and separate monitor spectrometer. 
 
 
Improving tritium β-spectroscopy by a factor of 100 evidently requires  brute force, based on proven 
experimental concepts. It was decided, therefore, to build a MAC-E-Filter with a diameter of 10 m, 
corresponding to a 100 times larger analysing plane as compared to the pilot instruments at Mainz and 
Troitsk. Accordingly one gains a factor of 100 in quality factor which we may define as the product of 
accepted cross section of the source times resolving power E/∆E for the emitted β-particles. Figure 27 
shows the spectrometer tank of KATRIN on its way to Forschungszentrum Karlsruhe, Figure 28 
depicts a schematic plan  of the whole, 70 m long set up. Meantime the spectrometer has been set up 
and has reached its design out-gasing rate in the range of 10-12 mbar l s-1 cm-2.  
 
 
A decay rate of the order 1011 Bq is aimed for from a source with diameter ≈ 9 cm. The choice 
between a gaseous and a frozen T2-source was not an easy one. The latter could have been built with 
quite  modest effort; but the sought-after activity requires a column density of 5·1017 molecules/cm2, 
corresponding to a thickness of 500 monolayers, at which it would charge up to a voltage of 10 V 
across the frozen film (compare sect. 4.4.3); this would spoil  the energy resolution. Since a solution to 
this problem has yet to be found, preference was given to a windowless gaseous T2-source (WGTS) in 
spite of its extraordinary demands in terms of size  and cryo-techniques, which would be  required to 
handle the flux of 1019 T2-molecules/s safely. T2 is injected at the midpoint of a 10m long source tube 
kept at a temperature of 27 K by a 2-phase liquid neon bath. The integral column density of the source 
of 5·1017 molecules/cm2 has to be stabilized within 0.1%. For background reasons, the T2-flux entering 
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the spectrometer should not exceed 105 T2-molecules/s. This will be achieved by differential pumping 
sections (DPS), followed by cryo-pumping sections (CPS) which trap residual T2 on argon frost at 4 
K. Each system reduces the throughput by 107, which has been demonstrated for the cryo-pumping 
section by a dedicated experiment at Forschungszentrum Karlsruhe. The T2-gas collected by the DPS-
pumps will be purified and recycled. A pre-spectrometer will transmit only the uppermost end of the 
β-spectrum into the main spectrometer in order to reduce the rate of background producing ionisation 
events therein. The entire pre- and main spectrometer vessels will each be put on their respective 
analysing potentials, which are shifted inside by about eV 200− , however, due to the installation of a 
background reducing inner screen grid system (figure 29). A ratio of the maximum magnetic field in 
the pinch magnet to the minimum magnetic field in the central analysing plane of the main 
spectrometer of 20000 provides an energy resolution of ∆E=0.93 eV near the tritium endpoint E0.  
 
The residual inhomogeneities of the electric retarding potential and the magnetic fields in the 
analysing plane will be corrected by the spatial information from a 148 pixel PIN diode detector. 
Active and passive shields will minimize the background rate in the detector. Additional post-
acceleration will reduce the background rate within the energy window of interest. Special care has to 
be taken to stabilize and to measure the retarding voltage. Therefore, the spectrometer of the former 
Mainz Neutrino Mass Experiment will be operated at KATRIN as a high voltage monitor spectrometer 
which continuously measures the position of  the 83mKr-K32 conversion electron line at 17.8 keV, 
parallel to the retarding energy of the main spectrometer . To that end its energy resolution has been 
refined to ∆E = 1 eV 
 
The β-particles will be guided from the source through the spectrometer to the detector within a 
magnetic flux tube of 191 Tcm2, which is provided by a series of superconducting solenoids. This tight 
transverse confinement by the Lorentz force applies also to the 1011/s daughter ions, emerging from β-
decay in the source tube, as well as to the 1012/s electron ion pairs produced therein by the β-flux 
through ionisation of T2 molecules. . The strong magnetic field of 3.5 Tesla within the source is 
confining this plasma strictly in the transverse direction such that charged particles cannot diffuse to 
the conducting wall of the source tube for getting neutralized. The question, how the plasma in the 
source becomes  neutralized then or at which potential it might charge up eventually, has been raised 
and dealt with only recently [140].The salient point is, however, that the longitudinal mobility is not 
influenced by the magnetic field. Hence the resulting high longitudinal conductance of the plasma will 
stabilize the potential along a magnetic field line to that value which this field line meets at the point 
where it crosses a rear wall. This provides a lever to control the plasma potential. Meanwhile the 
Troitsk group has performed a first experiment on the problem [141]. They have mixed 83mKr into 
their gaseous T2 and searched for a broadening of the L3-conversion line at 30.47 keV which might be 
due to an inhomogeneous source potential. Their data fit is compatible with a possible broadening of 
0.2 eV, which would not affect their results but suggests further investigation at KATRIN.  
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The sensitivity limit of KATRIN on )(νm e2  has been simulated (see below) on the basis of a 
background rate of 10-2 cts/s, observed at Mainz and Troitsk. Whether this small number can also be 
reached at the so much larger KATRIN-instrument – or even be lowered – has yet to be proven. On 
the one side , the large dimensions of the main spectrometer are helpful, as  they improve straight 
adiabatic motion due to reduced field gradients. On the other hand, the central flux tube faces a 100 
times larger electrode surface at the analysing potential from which secondary electrons might sneak 
in. As already discussed in sect. 4.3, this background source can be cut back by two orders of 
magnitude by locating a repelling grid in front of the electrode [119]. Such grids with two wire layers 
will also be installed at KATRIN (see figure 29). 
 
A simulated spectrum covering  3 years of data taking at KATRIN and is shown in figure 30; a 
measured spectrum from Mainz is added for comparison. Due to the gain in the signal to background 
ratio, the region of optimal mass sensitivity around εopt (compare (47)) has moved much closer to the 
endpoint and one already  notices on first sight  a marked mass effect for eV 0.5=)m(νe .  
 
 
                       
 
Figure 29: Prototype of one of the 248 modules of the double-layer wire electrode system for the KATRIN main 
spectrometer. Wires with a diameter of 300µm (200µm) are used for the outer (inner) layer. The wires are 
mounted by precision ceramic holders onto a frame consisting of ``combs'' and C-profiles and keep their relative 
distance along their length within a few tenths of a mm. Materials are chosen to be  non-magnetic and bakable in 
order to reach the required low outgassing rate of 10-12 mbar l s-1 cm-2 (reprinted from [142]). 
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Figure 30: Top: Simulated integral β-spectra (assuming eV 0=)m(νe and E0 = 18.575 keV) resulting from 3 
years of KATRIN-running under KATRIN design conditions (filled circles) and from phase 2 of the Mainz 
experiment for comparison (open squares). Middle: Difference of data and fit normalized to the statistical 
uncertainty for )m(νe fixed in the fit to 0eV (filled circles), 0.35eV (open circles) and 0.5 eV (open squares);  
this difference peaks at 3.5 eV below the endpoint and thus shows the setting with highest mass 
sensitivity. Bottom: Distribution of measuring points, optimized in position and measuring time. 
 
 
 
 
One also notices that the typical third power rise of the integral spectrum below E0 (see (45), (46)) is 
delayed. This is mainly due to ro-vibrational excitations of the daughter molecule which centre at 
eV 1.72=ε  and stretch up to more than eV 4≈ε  with a width of eV 0.42vib-ro ±=σ  (figure 6).  This 
width diminishes the mass sensitivity as compared to an atomic source with a sharp endpoint. At 
KATRIN this effect will be felt for the first time, but still amounts to only 5.5% sensitivity loss on 
)(νm e2 , according to a simulation with KATRIN design parameters. An atomic source would only be 
worthwhile , if  in the future  the background could be  dramatically suppressed , so  that the optimum 
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sensitivity according to  (47) (which applies to sharp endpoint and sharp spectrometer) would shift 
down into a region of vibroopt
~
−
< σε . At a background rate of cts/s10 4−=b , for instance, an atomic 
source would gain about 40% sensitivity on )(νm e2 with respect to a molecular one. A thorough 
discussion of an atomic source would also have to consider questions of final states, energy loss, 
molecular contamination etc. In any case, the development of a sufficiently strong atomic source 
would require an enormous amount of R&D work. 
 
 
 
Figure 31: Simulations of statistical neutrino mass squared uncertainty expected at KATRIN after 3 years of 
running, calculated in dependence on the fit interval under following conditions. Spectrometer diameter = 7 m as 
originally proposed [38]: (a); final 10m design [39]: (b, c, d); background = 10-2 counts/s: (a, b, c); background = 
10-3 counts/s: (d); equidistant measuring point distribution: (a, b); measuring point distribution optimized 
according to local mass sensitivity: (c, d) (reprinted from ref. [39]). 
  
 
 
 
 
But already, with the present molecular source, KATRIN´s sensitivity would profit from a substantial 
reduction of the background rate below the design value (see figure 31d). This goal might be realised 
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in the future through the deployment of a detector array consisting of highly-resolving cryogenic 
bolometers (compare section 5.2) instead of silicon PIN diodes. Of course, the development and the 
operation of such a cryo-detector array would challenge present technology to the limits, but it would 
reduce KATRIN´s background decisively in at least 2 respects: 
1) The excellent energy resolution of cryogenic bolometers would allow the reduction of the  
energy window of interest by up to 2 orders of magnitude. 
2) If, even with the installation of  the two-layer wire electrode system (see figure 29), the main 
spectrometer is still not completely 'quiet' as far as background electrons,  born at any of the 
tank or electrode surfaces are concerned (background noise), most of these residual electrons 
would be rejected by the excellent energy resolution capacity of the cryo-bolometers. 
 
Figure 31 shows simulations of the statistical uncertainty of the observable )(νm e2  and corresponding 
upper mass limits (without systematic uncertainties) which are expected from the KATRIN-
Experiment after 3 years of data taking at background rates of 10-2 cts/s and 10-3 cts/s, respectively. 
They are plotted as a function of the width of the spectral interval, as measured with equidistant or 
optimized distribution of settings for analysing potential as well as for measuring time. The 
dependence on the interval length is pretty flat, in particular for the lower choice of background. For 
the reference value cts/s 10 2−=b  one expects to reach a total uncertainty somewhat below 0.02 eV2. 
Fortunately, the improved signal to noise ratio is very helpful with regard to the systematic 
uncertainties, as it reduces the decisive correlated uncertainties (49) through lowering εopt and 
shortening the measured spectral interval εmax. In addition, if the measurement interval εmax drops 
below energy thresholds of inelastic processes like the first electronic excitation of the (3HeT)+-ion at 
24eV (see figure 6) and the minimum energy loss of inelastic scattering on T2-molecules of 10eV (see 
figure 19), the corresponding uncertainties vanish completely. From figure 31 it is clear that KATRIN 
aims at measuring intervals of about εmax ≈ 25eV, for which the following systematic uncertainties and 
the corresponding counter-measures play a role: 
• Uncertainty of the energy dependent cross section of inelastic scattering of β-electrons on T2 
in the windowless gaseous tritium source. 
Counter-measures: energy loss measurements with an e-gun as done in Troitsk (see figure 18) 
analysed by special deconvolution methods. 
• Fluctuations of the T2 column density in the windowless gaseous tritium source. 
Counter-measures: temperature and pressure control of the tritium source to the 10-3 level, 
laser Raman spectroscopy to monitor the T2 concentration compared to HT, DT, H2, D2 and 
HD. 
• Spatial inhomogeneity of the transmission function. 
Counter-measures: spatially resolved measurements with an e-gun or, alternatively, with an 
83mKr source. 
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• Stability of retardation voltage. 
Counter-measures: a) measurement of HV with ppm-precision by a HV-divider and a voltage 
standard; b) applying the retarding voltage also to the monitor spectrometer, which 
continuously measures 83mKr conversion electron lines. 
• Electric potential inhomogeneities in the WGTS due to plasma effects. 
Counter-measures: potential-defining plate at the rear exit of the WGTS; monitoring of 
potential within WGTS possible by special runs with 83mKr/T2-mixtures. 
 
Each systematic uncertainty contributes to the uncertainty of )(νm e2  with less than 0.0075 eV2, 
resulting in a total systematic uncertainty of 2e
2
eV=)(ν∆m 0.017 . The improvement on the 
observable )(νm e2  will be two orders of magnitude compared to present. The total uncertainty will 
allow a sensitivity on )m(νe of 0.2 eV to be reached. If no neutrino mass is observed, this sensitivity 
corresponds to an upper limit on )m(νe of 0.2 eV at 90% C.L, or, otherwise, to evidence for  
(discovery of)  a non-zero neutrino mass value at )m(νe = 0.3eV (0.35eV) with 3σ (5σ) significance. 
For more details we refer to the KATRIN Design Report [39].  
 
5.2. Calorimetric β-spectroscopy of 187Re and the MARE proposal 
As stated, the search for the neutrino mass by β-spectroscopy requires (i) low β-endpoint and (ii) full 
control over the energy which is expended in exciting the daughter and other molecules in the source. 
Condition (ii) can be relaxed if the source is imbedded into some calorimetric type of energy detector 
which also sum up this expended energy, in addition to the resulting β-energy. Early in the history of 
β-decay, the decisive proof for the (at that time still mysterious) missing energy was already achieved 
by calorimetric measurements in an analogue manner [143]. Modern cryogenic micro-calorimeters are 
capable of measuring the heat released by an individual event and have achieved an energy resolution 
better than 5 eV for soft X-rays. Applied to β-decay, one measures (by taking the difference to the 
endpoint) the spectrum of the total missing energy νEtot carried off by the neutrino, irrespective of 
how the detected energy is split in the decay between the β-particle and the final states Vj of the 
daughter (compare (41), (43)). Close to the endpoint, moreover, the shape (not,however, the 
amplitude) of the neutrino spectrum is determined to the first order by the neutrino phase space 
)( e22 νtot νtot νmEE −∝  alone. Only further up in the neutrino spectrum is  the influence of the 
excitation energy Vj  felt in the spectral shape by a decrease of the corresponding β-phase space. Close 
to the endpoint, one can, therefore, ignore the final state spectrum in first approximation, which eases 
the case of high-Z elements decisively. Hence, there are good reasons to consider the β-decay of 187Re 
with primordial half-life 
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                   keV47.2e)2/1Os(  )2/5Re( -187y102.43187 92/1 +++= →= −×=+ νII T .           (75)  
                            
It exhibits extraordinary low Q-value [144] and long lifetime [145]; its natural isotopic abundance is 
62.8%. As the decay is uniquely forbidden, another known, weakly varying shape factor S(E) enters 
the spectrum (43). The low Q-value off pays twice as compared to tritium: (i) The required energy 
resolution ∆E can be achieved at 7.5 times smaller resolving power E/∆E of the detector; (ii) the 
burden of useless events occurring outside the tiny investigated window close to the endpoint is 400 
times smaller. Both factors are essential in order to address the disadvantages of calorimetric 
spectroscopy with respect to MAC-E-Filters, namely: (i) Limitation of resolving power; (ii) Limitation 
of source strength due to the pile-up of low energy events in the rather slow calorimeter. 
 
Calorimetric β-spectroscopy of 187Re was piloted first by the MANU experiment at Genoa [146,148]. 
The experimental scheme is shown in figure 32. A single crystal of 1.5 mg of metallic Re is cooled 
down to 60 mK into a superconducting phase at which its heat capacity is minimal; its activity is 
around 1 Bq. Within less than 1 ms, the decay heat equilibrates between the Re-source and a glued-on 
germanium thermistor, whose temperature change is measured by a sensitive circuit by means of the 
corresponding resistance change 
. 
 
 
 
Figure 32: Set up of the MANU experiment, Genoa, for calorimetric β-spectroscopy at 60 mK from a metallic, 
superconducting Re-crystal (reprinted from ref. [144] with kind permission). 
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Figure 33: Residuals of the best fit of the theoretical to the experimental Re-β-spectrum, obtained in the MANU 
experiment. The quite significant modulation at low energy is an interference effect of the β-wave in the crystal 
lattice (reprinted from ref. [144] with kind permission).  
 
The heat pulse is carried off to a sink by the connecting wires with a time constant of several tens of 
ms which only allows for a quite slow count rate.  X-ray spectra are used for energy calibration of the 
output signals. The energy resolution is characterized by a Gaussian line shape with around 80 eV 
FWHM. Figure 33 shows the residuals from fitting a theoretical β-spectrum to the data. It shows a 
very peculiar oscillation superimposed onto a β-spectrum, which the authors have identified as beta 
environmental fine structure (BEFS) [151]; it is an interference effect of the particle wave in the 
crystal lattice which is also observed for photo electron cross sections in that energy range and known 
there as EXAFS (Extended X-ray Absorption Fine Structure). In β-spectroscopy, the effect was 
already  observed in 1985 as a slight anomaly at the lower end of the spectrum of tritium implanted 
into a silicon detector. But it was misinterpreted as a spectral component ascribed to the admixture of a 
heavy neutrino of mass 17 keV [152], which attracted great attention in subsequent years. The correct 
interpretation in analogy to EXAFS was given in 1991[153]. Apart from this effect, the fit has yielded, 
for the first time, a precise endpoint energy of )(=)(E 42470Re1870 eV and an upper limit of the 
neutrino mass of eV 26<)m(νe  [154]. 
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Figure 34: Kurie plot of Re-β-spectrum containing counts106.2 6× obtained by the MIBETA array of 
microbolometers (reprinted from ref. [145] with kind permission). 
 
Obviously a β-source of 1 Bq cannot lead to a competitive neutrino mass limit at this present time. 
Because of the 'pile-up' problem, a way out of the rate problem cannot be found by scaling up just the 
size of micro-calorimeters by large factors, if one does not succeed in improving the time resolution 
accordingly; however, the micro-calorimeters can be scaled up in number. First steps in this direction 
have been taken by the Milano/Como-Collaboration MIBETA [145,156]. They prepared an array of 
micro-bolometers, consisting of 10 AgRe04 mono-crystals, weighing about 300 µg each. Doped 
silicon thermistors served as sensors. The discussion about the optimal choice of Re-compound and 
sensor material leads deep into questions of solid state and low temperature physics beyond the scope 
of this review. In summary, the bolometer pulses from MIBETA showed shorter rise time (≈ 500 µs) 
and better energy resolution (≈ 25eV FWHM) when compared to the preceding experiment at Genoa. 
Also, the many control and calibration problems, connected to long term precision measurements have 
been tackled systematically in the MIBETA-Experiment. Figure 34 shows the Kurie-plot of the Re-β-
spectrum obtained from about 5000hrs of running. The fit yields improved values for endpoint and 
half-life. Regarding the neutrino mass the result is [145] 
 
               C.L. 90%at  eV 15)ν(eV )90207112()ν( e2syststate2 ≤⇒±±−= mm              (76) 
 
The first successful steps taken by MANU and MIBETA into this extremely low energy domain of β-
decay have encouraged the micro-calorimeter community to proceed with a competitive precision 
search for the neutrino mass. This ambitious project is planned in 2 steps, MARE I and MARE II 
[157,158]. MARE I is to meet the existing upper limit of 2 eV around 2010, MARE II is to challenge 
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the KATRIN goal of 0.2 eV, starting in 2011. Each step requires an improvement in experimental 
sensitivity and accuracy by a factor of 100 over the present status. Simulations show that the first goal 
requires a total event number of order of 1010 taken at a resolution of 10 eV and a fraction of 'pile up' 
events not exceeding a few times 10-5. The latter is the product of the rise time of the pulse and of the 
decay rate from a single module; hence it limits this rate well below 1Bq at the presently achieved rise 
time. MARE I comprises two experiments, namely MANU II and MIBETA II, both based on their 
respective predecessors. MANU II will be an array of about 300 metallic Re crystals, connected to Ir-
Au-transition edge sensors (TES) which exploit the very steep change of resistance at the onset of 
superconductivity at the critical temperature Tc. The MIBETA II array will comprise a similar number 
of AgRe04 crystals; regarding sensors wide-ranging R&D on thermistors is being carried out  at the 
present time with the expectation of reaching rise times of around 50µs. 
 
The goal of MARE II requires first of all raising the event number by another factor of 104. It is felt 
that this could hardly be done just by correspondingly multiplying the number of modules . Instead it 
is preferred to limit this number to below 100 000 ,and to use larger source crystals, measured  by 
faster and better resolving cryogenic bolometers, which are yet  to be developed. To that end, the 
MARE collaboration has started a widespread international R&D programme. Apart from thermistors 
and transition edge sensors, magnetic microcalorimeters (MMCs) look very promising. With these one 
measures by induction the change of magnetization with temperature of paramagnetic ions in a metal, 
as for example an erbium/gold alloy. MMCs, optimized for x-ray detection, have recently reached an 
energy resolution of 3.4 eV at 6 keV [159].  
 
The decision to build MARE II will eventually depend on two prepositions: (i) the technological 
problems have been proven to be solvable; (ii) MARE I has yielded satisfactory scientific results. The 
latter concerns in particular systematic effects. So far they have not as yet reached that stage; the 
analysis of the present spectra has lead straight to )(νm e2 -results fully compatible with zero (see 
(76)). But they may  go up at higher sensitivity and have to be overcome then. One cannot yet exclude, 
for instance, the possibility that tiny fractions of the decay energy might be trapped in metastable 
states for times longer than those used for integrating the heat bolus, or might be radiated off through 
the surface. One should also give a second thought to the final state spectrum of the decay, although its 
influence is largely suppressed by summing up all of the released electromagnetic energy, as explained 
above. Still one should bear in mind that the heavier the atom is, radioactive decay usually shakes up 
the atomic shell the more. This is a consequence of the increasing difference in total atomic binding 
energy between neighbouring elements which amounts to 15292 eV for the Re/Os-pair [160]; it 
provokes a non-adiabatic rearrangement of atomic shells in the daughter (see sect. 3.4). In the unique 
case of rhenium, of course, the tiny total decay energy of 2470 eV allows only the excitation of outer 
shells. 
 
 77 
5.3 Final remarks 
The neutrino mass experiments at Mainz and Troitsk have improved the sensitivity on the neutrino 
mass )m(νe  compared to previous tritium β-experiments by a factor 5 down to a value of  2eV. This 
was only possible by developing a new type of high-resolution and large acceptance spectrometer 
(MAC-E-Filter), as well as by detailed investigations of the systematics and their reduction in side 
experiments. 
  
If research on radioactive decay has still got to play a role in fundamental physics, then it has to face 
tremendously increased demands in terms of the sensitivity and precision of experiments. Hence such 
experiments have to be transformed from the laboratory bench to really large scale undertakings 
requiring high investment in R&D, construction and running and the commitment of large 
collaborations for more than a decade. The search for the absolute neutrino mass from single and 
double β-decay is undergoing this transition just now. The present limits on the eV-scale have been 
obtained from medium sized experiments which could still be handled by single groups. Their 
potential has now reached its limits, but  the groups have also paved the way towards the coming 
generation of large scale experiments.  
 
KATRIN, the forthcoming electrostatic filter for β-spectroscopy of tritium, will break the 1 eV limit of 
neutrino mass sensitivity shortly after getting started and then will approach its sensitivity limit of 0.2 
eV within a couple of years of running. At that point  it will encounter the mass scales which are 
addressed by scenarios of degenerate neutrino mass eigenvalues and by the claim of evidence of 
neutrino-less double β-decay of 76Ge [67, 68]. Even if KATRIN does not find a finite mass signal, its 
new, refined mass limit will have exhausted virtually all  the space open for degenerate neutrino 
masses. Any substantial progress in terrestrial neutrino mass determination will also be a valuable 
input and a means of crosschecking  for our understanding of the role of neutrinos in astrophysics.  
 
Regarding β-spectroscopy of tritium, KATRIN will probably have no competition,as  the experiment 
requires enormous efforts and alternatives are, as yet,not apparent . This could lead to a somewhat 
uneasy situation, in particular, if a finite but small mass signal happens to appear. How can the 
requirement to independently check a new result be fulfilled? Here calorimetric detection of rhenium 
β-decay may well be able to play a role. Present results encourage further developing its technology 
and upgrading its scale. Envisaging a sensitivity which is competitive to KATRIN is not unrealistic, 
although there might still be a long way to go. 
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